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APPRECIATION AXD PREDICTION OF FLYING QUALITIES 
By WILLIAM H. PHILLIPS 

SUMMARY 

The material given in  this report summarizes some qf the 
result,<. q f  recent research that will aid the designers of an 
airplane in selecting or modijying a conjiguration to prowide 
gati-!factory stability and control characteristics T h e  require- 
ments o j  the K a t i o m l  Adwisory Committee .for Aeronautics j o r  
satisfactory j l y i n g  qualities, which specify the important stu- 
bility and control characteristics of an airplane f r o m  the pilot’s 
standpoint, are used as the main topics of the report. A dis- 
cussion is  given of the reasons .for the requirements, of the 
.factors involved in obtaining satisjmtory Jlying qualities, and 
q f  the methods used in predicting the stability and control 
characteristics of an airplane. This  material is based on 
kcture notesfor a training course fo r  research workers engaged 
i n  airplane stability and control investigations. 

INTRODUCTION 

I n  recent years, extensive flight, wind-tunnel, and theo- 
retical investigations of the stability and control character- 
istics of airplanes have led to an improved understanding of 
this subject and to better correlation between the results of 
these three research methods. The present report summa- 
rizes the more important aspects of this field of research and 
presents information that will aid the designers of an air- 
plane in selecting or modifying a configuration to provide 
satisfactory stability and control Characteristics. The 
material given in this report is based on lecture notes for a 
course, first given in 1942, that was intended to train re- 
search workers engaged in airplane stability and control 
in-i-estigations. 

The flying qualities of an airplane are defined as the 
stability and control characteristics that have an important 
bearing on the safety of flight and on the pilots’ impressions 
of the ease of flying an airplane in steady flight and in 
maneuvers. Most of the available knowledge of flying 
qualities has been obtained from flight tests made by the 
S-IC.4 since 1939 on approximately 60 airplanes of all types. 
In  these tests, recording instruments were used to obtain 
quantitativc measurements of control movements, control 
forces, and airplane motions while the pilots performed cer- 
tain specified maneuvers. The results of many of these 
tests have been published as XACA Wartime Reports. 
Reference 1 is a typical example of this type of report. 
From tlic fiiiid of information accumulated in these tests, 
it has bccn possible to prepare a set of requirements for 
satisfactory handling qualities in terms of quantities that 
may be mc~usured in flight or predicted from wind-tunnel 
tests and theoretical analyses. \\’lien a11 airplane meets these 
requirements, the airplane is fairly certain to be safe to fly 
arid to have desirable qualities from the pilot’s standpoint. 

Different sets of specifications for satisfactory handling 
characteristics have been prepared by various agencies as a 
result of the work done by the NACA. The requirements 
for satisfactory flying qualities stated in this report do not 
form a complete set and are not taken directly from any 
of the previously published specifications, but they include 
the more important requirements that should, in general, be 
met by all types of airplanes. For more complete flying- 
qualities specifications, references 2, 3,  and 4 should be 
consulted . 

The original lectures on wind-tunnel procedure and 
control-surface hinge-moment characteristics were prepared 
by Mr. I. G .  Recant and Mr. T. A. Toll, respectively, and the 
corresponding sections of the present report were based 
upon the material prepared by these two members of the 
Langley Aeronautical Laboratory staff. 

A list of s-ymbols is included as an appendix. 

LONGITUDINAL STABILITY AND CONTROL 
CHARACTERISTICS IN STRAIGHT FLIGHT 

STABILITY CHARACTERISTICS IN STRAIGHT FLIGHT 

REQUIREMENTS AND DEFINITIONS 

An airplane is required to be statically longitudinally 
stable uith stick fixed or free in flight conditions in which 
i t  is likely to be flown for long periods of time, and in the 
landing-approach and landing conditions. The meaning 
of this requirement is explained in the following sections. 
First, the concept of trim and the concepts of static and 
dynamic stability are considered. 

An airplane is trimmed longitudinally in steady flight with 
stick fixed when it is in equilibrium, that is, when the re- 
sultant force on the airplane is zero and the pitching moment 
is zero. An airplane is trimmed in steady flight with stick 
free when, in addition to the above conditions, the stick 
force is zero. The methods of obtaining trim are to adjust 
the pitching moment to zero by means of the elevators 
and to adjust the stick force to zero by either a trim tab, an 
adjustable stabilizer, an auxiliary airfoil near the tail, or an 
adjustable spring in the control system. Of these devices, 
the trim tab is by far the most common. 

In  order to determine whether an airplane is stable, i t  
first must be trimmed. Stability is related to the behavior 
of an airplane after it is disturbed slightly from the trimmed 
condition. Stability is referred to as stick-fixed or stick- 
free stnhility, depending upon whether the control is held 
fixed in its trim position after the disturbance or is left free. 
The behavior of an airplane after such a disturbance may 
consist of a divergence, a convergence, or an increasing or 
decreasing oscillation. The definition of static longitudinal 

1 
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stability is expressed in terms of this behavior as follows: 
an airplane is statically longitudinally stable if, when dis- 
turbed slightly from a trimmed condition (by changing 
angle of attack or speed), it will initially tend to return to 
its trimmed condition. An airplane is statically unstable 
if, when it is disturbed slightly from the trimmed condition, 
it performs a divergence. The dynamic longitudinal sta. 
bility may be defined as follows: an airplane is dynamically 
longitudinally stable i f ,  after a disturbapce, it performs a 
decreasing oscillation. An airplanc is dynamically unstablc 
if. after a disturbance, i t  performs an oscillation of increasing 
amp!itude. 

METHODS OF OBTAINING STATIC LONGITUDINAL STABILITY 

An airplane will be statically longitudinally stable if, when 
the angle of attack is increased, the pitching moment acting 
on the airplane becomes negative, tending to return the 
airplane to its original angle of attack (dCm/da negative). 
If this condition is fulfilled, the airplane will also tend to 
return to its trim speed if the speed is changed. For ex- 
ample, if the speed is greater than the trim speed, corre- 
sponding to a lower angle of attack than that required for 
trim, the airplane will tend to pitch up to the trim angle of 
attack. As a result, it will go into a climb and the speed will 
decrease and tend to approach the trim speed. 

An approximate theory of static longitudinal stability is 
gix-en in order to show the effects of primary design features 
on the stability. In the following analysis, it is assumed 
that drRg forces and propeller effects may be neglected. The 
theory derived under these assumptions applies approxi- 
mately to the condition of gliding flight at low angles of 
attack. The theory given herein is not sufficiently complete 
for design purposes because the metliods for determining the 
effects of the fuselage and idling propellers are not discussed. 
The methods presented in references 5 and 6 may be used to 
calculate the longitudinal stability of an airplane in the 
gliding condition for design purposes. 

Any combination of aerodynamic bodies that have linear 
variations of lift and pitcliing moment with angle of attack 
(such as a wing and fuselage) may be shown to have an 
aerodynamic center. The aerodynamic center is defined as 
the point about which the pitcliing moment remains constant 
if thc angle of attack is varied at a given airspeed. This 
constant moment is indicated by the symbol A&,. 

The moments and vertical forces acting on the airplane 
are indicated in figure 1. The pitching moment about the 
center of gravity is 

BJ defini t ion 
Ad= Lx'+ AIo-  LJ 

L = c,ps 
(1 1 

&I= C,qSc 

Thc following equation may therefore be derived: 

This equation may be used t,o determine the tail incidence 
required for trim (Cm=O) at a given angle of attack for the 
simplified airplane under consideration. The degree of 
static longitudinal stability may now be obtained from the 
preceding expression by differentiating with respect to a. 
The value of dC,,,/da is: 

From equation (4) a value may be found for r', the distance 
from the _ _  aerodynamic center to the center of gravity, such 

d C, that -=O. d a  
The concept of neutral point may now be introduced 

because the neutral point is defined as the center-of-gravity 

location a t  which da = O  when the airplane is trimmed 
(Cm=O). When the center of gravity is ahead of the 
neutral point, dC,,,lda is negative and the airplane is stat- 
ically stable. When the center of grarity is behind the 
neutral point, the value of dCm/da is positive and the airplane 
is statically unstable. 

The preceding equations for determining the neutral point 
with stick fixed can also be used to determine the neutral 
point with stick free by using EL value for the slope of the lift 
curve of the tail corresponding to that obtained with the 
elevator free. If the elevator tends to float with the relative 
wind (that is, to float up when the angle of attack is increased 
positively), the lift effectiveness of the tail will be reduced 

dCm 

1. 
MfJ c.g. 

I t - - l - - - - - - - - - z l  
I 

FIGI'RE I.--hlomentr and vertical forces acting 011 a11 airr.loni8 in stvady night. 
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. and the stick-free neutral point will be farther forward than 
the Istick-fixed neutral point. If the elevator tends to float 
against the relative wind (that is, to float down when the 
angle of attack is increased positively as i t  may with certain 
types of aerodynamic balance), the lift effectiveness of the 
tail will be increased and the stick-free neutral point will be 
behind the stick-fixed neutral point. 

The stability of an  airplane is expressed in terms of various 
design parameters in formula (4). I t  is more convenient to 
transform this formula so that the center-of-gravity position 
is expressed in terms of its distance from the neutral point 
rather than from the aerodynamic center of the wing-fuselage- 
combination. Solving equation (4) for the distance between 
the center of gravity and the aerodynamic center of the wing- 
fuselage combination yields 

dCm - 

e dCL - ~ S C  dCL __ (5) 
E!+-$) ?2) ,pTSr l  ___ - I d a  

d a  da 

dCm 
d a  At the neutral point, __ = O ;  hence, the distance between 

t,he aerodynamic center of the wing-fuselage combination 
axd the neutral point is 

d a  

-4s may be seen from figure 1, the distance between the 
center of gravity and the neutral point is obtained by sub- 
tracting equation (5) from equation (6). This procedure 
gives the result 

(7) 

Formula (7) shows that the degree of stability is determined 
solely by the distance between the center of gravity and the 
neutral point. The distance between the center of gravity 
and the neutral point, expressed in percent of the mean 
aerodynamic chord, is frequently called the static margin. 
If, in the design of the airplane, the center-of-gravity location 
is considered to be variable, any degree of stability may 
be obtained by suitable location of the center of gravity, and 
the tail may then be designed simply from consideration of 
its ability to provide trim. On the other hand, if the center 
of gravity is fixed by other design considerations, stability 
must be obtained by providing a sufficiently rearward loca- 

I tion of the neutral point. Formula (6) shows the dcsign 
3 features of the airplane that may be changed to provide 
4 more renrwartl location of the neutral point. These possi- 

bilities include increasing the tail area, tail lcngth, and tail 

1 

3 

Under the simplified assumptions of the preceding analysis, 
the pitching-moment coefficient varies linearly with angle of 
attack and, as a result, the neutral-point location is inde- 
pendent of angle of attack. These assumptions no longer 
hold in power-on flight or in flight near the stall where the 
drag is increasing or where appreciable flow separation may 
have set in. In  these cases, the variation of pitching moment 
with angle of attack may be nonlinear and neutral-point 
location will be a function of angle of attack. 

DYNAMIC LONGITUDINAL STABILITY 

The position of the center of gravity n-ith respect to the 
neutral point determines the static longitudinal stability 
but not the dynamic stability. Certain general relations 
exist, however, between the dynamic stability and the 
position of the center of gravity with respect to the neutral 
point. These relations are summarizedin figure 2, which 
shows the behavior of an airplane following a disturbance, 
with stick fixed and free, with various center-of-gravity 
locations. This method of presentation is taken from a 
British report of limited availability by S. B. Gates, which 
gives a more complete discussion of these relations. The 
period of the phugoid, or long-period, oscillation referred to 
in figure 2 is so great that the damping of this oscillation has 
no correlation with the handling characteristics from the 
pilot’s standpoint. (See reference 7. )  The occurrence of an 
unstable or poorly damped short-period oscillation with the 
elevator free is, however, very objectionable and dangerous 
because of the rapidity with which large accelerations may 
build up. (See reference 8.) 

The divergence that occurs with the center of gravity 
behind the neutral point is not violent but is generally a slow, 
easily controlled motion. Although this typc of instability 
is not dangerous, it is objectionable to the pilot on a long 
flight because small corrections must be made continually 
to hold a given flight speed. I t  is also undesirable because of 
illogiclil control-force variations and stick movements that 
are required in changing the flight speeds. For these 
reasons, this type of instnbility is considered unacceptable for 
satisfactory handling qualities. (This difficulty will be dis- 
cussed more fully in connection with control characteristics.) 

EFFECTS OF PROPELLER OPERATION AND POWER ON 
STABILITY 

SINGLE-ENGINE AIRPLANES 

The following discussion applies primarily to yropeller- 
driven aircraft, though some of the effects of power on 
jet-propclled aircraft are quite similar to those on propeller- 
driven aircraft. 

The application of power introduces the following effects 
which change the pitching moments acting on the airplane : 

(1) Moment of propeller axial force about center of 

( 2 )  Moment of propcllcr normal force about center of 

(3) Increased nnglc of downwash 

gravity 

gravity 
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Shor t -perhd oscillothn 
(usuolty welt dompsd, 
sometimes unstoble). 
L ong-period oscilloilon 
(phuqoid) s toble or un- 
stoble with stick frce. 

Stick-f ixed n.p. 

- 

Shor +period. 
olways well domped. 
Long-penoci oscillation 
fphugoid) stable or  
unsfoble with stick 
fixed. 

FIGURE 2.-Chnrt describing the dynamic longitudinal stability of an airplane as a function of cen,ter-of-gravity pogtion. The arrows indieate location of 
center of mvit ) .  with respect to neutral pomt. 

(4) Increased dynamic pressure a t  the tail 
(5) Change in pitching moment of wing due to action of 

Thesc effects will cause a change in longitudinal trim of the 
airplane if the power is suddenly applied at a given speed. 
Since the longitudinal stability depends on the variation of 
pitching moment with angle of attack, the factors just listed 
will affect the stability if they vary in magnitude with the 
angle of attack. In  steadj- flight, the propeller thrust 
coefficient varies and, as a result, all the related propeller 
effects vary with speed. The variation of propeller thrust 
coefficient with lift coefficient in steady flight is ordinarily 
similar to that shown in figure 3. 

The moments of the direct propeller forces may be esti- 
mated from theoretical considera tions or from experimental 
data given in various papers. A theoretical treatment of 
the propeller forces is given in reference 9. Because the 
thrust coefficient increases with lift coefficient, the moment 
coefficient caused by the axial force will increase with angle 
of attack. If the thrust line passes below the center of 
gravity, this effect will be destabilizing. The nornial forces 
act on the propeller in a way similar to the force that would 
act on a small wing at the same location as the propeller. 
For a propeller located ahead of the center of gravity, the 
propeller normal force will therefore give an appreciable 
destabilizing effect. 

The effects of the downwash and increased dynamic prcs- 
sure in the slipstream on the pitching moments contributcsd 
by tlie wing and horizontal tail surface are difficult to esti- 
mate from theoretical considerations. For this reason, tests 
of powered modcls are normally used to predict thc stability 
characteristics of an airplane in the power-on condition. 

Slipstream 

Some general statements as to the effects of power on the 
moments contributed by the wing and tail may, however, be 
made. 

The increment in dynamic pressure in the slipstream 
caused by propeller operation increases linearly with thrust 
coefficient. If the tail is required to carry a down load for 
trim (as for example, to offset the wing pitching moment 
with flaps down), the positive pit ching-moment coefficient 
given by the tail located in the slipstream will increase as the 
angle of attack of the airplane increases, and a destabilizing 
effect will result. I n  extreme cases, the tail may actually 
decrease the static longitudinal stability in power-on flight. 

Because of the increased normal force on the propeller 
with application of power, the slipstream is deflected down- 
ward and thereby causes an increased downwash over the 
tail. Also, with power on, the slipstream increases the lift 
of the section of the wing that it covers. The downwash in 
the slipstream, therefore, generally increases with angle of 
attack more rapidly than the downwash outside the slip- 
stream. As a result, the factor 1 - - that occurs in the 

formula for the stability contributed by the horizontal tail is 
reduced and the stability of the airplane with power on is 
decreased. 

If the tail is carrying a down load and comes into the high- 
velocity region of the slipstream as the angle of attack 
increases, the positive pitching-moment coefficient contrib- 
uted by the tail will increase with angle of attack and IL 

destabilizing effect will result. For this reason, the hori- 
zontal tail surfqces of some airplanes have been located near 
the top of the vertical tail in order to avoid entering the 
slipstream a t  high angles of attack. 

de 
d a  
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FIGURE 3.-Typical variation 01 propeller thrust coefficient T. with lift coefficient in steady 
T flight. T l = - ~ .  

Though the effects of power on the longitudinal stability 
of single-engine airplanes cannot be predicted in a com- 
pletely rational manner, attempts have been made to devise 
semiempirical methods that will yield fairly accurat,e results. 
The method given in reference 10 may be used for design 
purposes. 

MULTIENGINE AIRPLANES 

The effects of power on the longitudinal stability of twin- 
engine or multiengine airplanes are similar to those on single- 
engine airplanes, but certain additional effects that depend 
on the mode of rotation of propellers are introduced. If the 
propellers rotate in opposite directions, changes in dowmash 
over the horizontal tail will be introduced by the slipstream 
rotation. This effect is most marked in the case of twin- 
engine airplanes, because in most cases the span of the 

A 

horizontal tail does not extend far beyond the center lines 
of the two propellers. The dounwash behind the inboard 
portions of the propeller disks will have a predominant effect 
on the angle of attack of the tail. 

Esperinients have shown that in the flap-up condition of 
flight the rotation of the slipstream behind the propeller 
continues in the same direction after the slipstream has 
passed over the wing. If the propellers rotate in opposite 
directions 145th the blades moving up in the center, the slip- 
stream rotation will cause an increment of upwash at the 
tail that will increase in strength as the speed is decreased 
because of the resulting increase in torque coefficient. This 
upaash a t  the tail will cause a negative pitching-moment 
increment that increases with increasing angle of attack; 
therefore, a stabilizing effect will result. Conversely, if the 
propellers rotate in opposite directions with the blades mov- 
ing doum in the center, an additional downwash a t  the tail 
will be produced resulting in a destabilizing effect. Figure 4 
illustrates these conclusions. 

Experiments have shown that with flaps down the direc- 
tion of slipstream rotation is reversed after the slipstream 
has passed over the wing. As a result, 
the effects on stability discussed for the flap-up condition 
may be reversed in a flap-down condition of flight. I n  somc 
cases, in which tests show that the stability of a twin-engine 
airplane niap be different with flaps up or down, the mode of 
propeller rotation may be changed to utilize these stability 
effects; for example, if the stability is satisfactory with flaps 
up but deficient with flaps down, the stability with flaps 
dorm might possibly be improved by using propellers that 
rotate down in the center. 

In general, the mode of rotation cannot he readily changed 
because, for reasons of sa*vicing and maintenance, it is desir- 
able to employ engines 1 hat rotate in the same direction. 

(See reference 11.) 

n 
,-\ II / \  

FIGWBE 4.-Effeet of modeof prowller rotation on doanwash at tail ozia twincngine airplane. 
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JET-PROPELLED AIRPLANES 

Or, a jet-propelled airplane in which the jet is expelled from 
the rear of the fuselage, the influence of thc jet on the flow 
about the airplanc will probably have a negligible effect on 
stability. Application of the jet power will, however, intro- 
duce the moment of the direct jet thrust about the center of 
gravity. The moment coefficient caused by this force 
rnries w-ith speed in n manner similar to that caused by the 
propeller asiul force, and its effects 011 stability are the same. 
A more serious effect on stability may occur if the jet exit is 
unsymnwtrical. In  this case, the jet may adhere to one 
side of the nozzle in some flight conditions and not in others. 
As a result, the direction of the jet thrust may change in 
an unpredictable manner and cause large pit ching-moment 
changes. For this reason, it is advisable to use a sym- 
metrical nozzle which is not located directly alongside other 
parts of the airplane. 

I n  order to aroid damage to the structure, the jet is always 
located in such a way that it does not impinge directly on 
some part of the airplane. Jets mounted on the wing, which 
pass below the tail, may, however, cause considerable change 
in the downwash at the tail, even though they do not blow 
directly on it, because of the inflow of air into the mixing 
zone behind the jet. The destabilizing effect of this down- 
wash is similar to that of a propeller slipstream. The map- 
nitude of this effect may be estimated from data given in 
reference 12. 

The flow into the inlets of a turbojet engine also causes a 
destabilizing effect which may be estimated from the change 
in direction and the mass flow of the air entering the inlet. 

CONTROL CHARACTERISTICS IN STEADY FLIGHT 

I n  steady flight, the elevator must be used to offset any 
pitching moment caused by the stability of the airplane or, 
in other words, by the variation of pitching moment with 
angle of attack. If the airplane is stable (dC,/dcy negative), 
more up elevator (corresponding to a more rearward position 
of stick) must be applied to hold the airplane a t  a higher 
angle of attack. Because steady flight at a higher angle of 
attack corresponds to a lower flying speed, a stable airplane 
will require a rearward motion of the control stick to trim at 
a lower flight speed and vice versa. Such a condition leads 
to a logical type of control; that is, in order to reduce the 
speed, the pilot normally noses the airplane up by pulling 
back on the stick. This stick position may then be main- 
tained to hold the airplane in trim at a lower flight speed. 
On the other hand, if the airplane is unstable, the pilot, in 
order to fly at a lower speed, must first pull the stick back to 
nose the airplane up and then move i t  forward ahead of its 
original position to hold the airplane in trim at the lower 
speed and prevent the speed from continuing to decrease. 

The stability of tlie airplane with stick free is similarly 
related to the variation of control force with speed. If the 
airplane is stable with stick free, a pull force will be required 
to trim a t  a lower speed. Thus, for a stable airplane, if the 
speed were reduced and tlie stick tlien released, the stick 
Rould move forward and pitch the airplane down, and its 
speed would therefore increase to the original trim speed. 
A logical type of control results if the airplane lias stick-free 

stability because in order to reduce the speed, for example, 
the pilot must first pull on the stick to pitch the airplane up. 
He may then maintain this control force to hold the airplane 
in trim at the lower speed. 

The stick-bed stability of an airplane is apparent to the 
pilot through its influence on the rariation of elevator angle 
with speed or with angle of attack. In  steady flight the 
elerator is used to make the pitching moment zero. The 
rariation of elevator angle with speed may be derived by use 
of this fact. The following relations are obtained from 
figure 5.  The pitching moment due to elevator angle is 

This formula neglects the small pitching moment of the tail 
about its quarter-chord point. The pitching-moment 
coefficient is 

(9) 

In  order to make C,,,=O, the pitching-moment coefficient 
due to the elevator must be equal and opposite to the 
pitching-moment coefficient due to the angle of attack. 
From formula (7) this quantity is 

=e, (-;) 
Hence 

or 

or the elevator angle 6, is directly proportional to the lift 
coefficient CL and to the distance between the center of 
gravity and the neutral point. Because in steady flight 

then 

- _ -  
be,, q T  ST I P v2 
as, p s c 2 

OT the elevator angle varies inversely as the square of t,lil. 
speed. 
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FICPRE ,i -Force5 acting on nirplanr due t o  elevator deflection. 

l n  the preceding formulas, it has been assumed that zero 
elerator deflection is required to trim when tlie lift coefficient 
is zero. In  practice, some initial elevator deflection will be 
required to offset the pitching moments existing alien 
C,=O. The value of elevator deflection given in formulas 
(12) and (14) represents the --_ change in - d-eflection from this 
initial d u e .  

Typical examples of the variation of elevator angle with 
speed for stable and unstable airplanes are shown in figure 6.  
In general, curves of the type predicted by formula (14) are 
measured in gliding flight, but considerable variations from 
this type of curve may be obtained in power-on flight 
because of the effects of power mentioned previously and 
also because of effects of sideslip that d l  be considered 
later. 

The stick-free stability of an airplane in flight is apparent 
to the pilot through its influence on the variation of control 
force with speed. The control-force variation with speed 
depends not only on the elevator-angle variation with speed 
but also on the hinge-moment characteristics of the elevator. 
Some considera tion of the hinge-moment characteristics of 
typical control surfaces will therefore be required in order to 
derive an expression for the stick-force variation with speed. 
A control surface that consists of a plain flap with no aero- 
dynamic balance usually has hiqge moments that vary 
linearly with angle of attack or with deflection a t  angles 
below the stall. In  practice, some type of aerodynamic 
balance on the surfaces is usually employed. In  some cases, 
the hinge- momen t characteristics of an aerodynamically 
balanced surface are nonlinear. In order that the contro1 
characteristics of the airplane shall be normal, however, 
linear hinge-moment characteristics are very desirable and 
an effort is usually made to avoid nonlinear characteristics. 
For this reason, it 6 1 1  be assumed in the following discussion 
that the elevator hinge moment varies linearly with angle 

s 5 r  I 

h _I Stoble 

of attack of tlie tail and with elevator deflection. This 
statement may b(3 expressed matliematicsllj- as follows: 

Hinge moment may be expressed in terms of a dimensionless 
coefficient similar to lift and moment coefficients. The hinge- 
moment coefficient C, is defined bJ- the relation 

Formula (15) may tdien be expressed as follows: 

The term c h 0  has been added to take care of any initial hinge- 
moment coefficient that may exist when aT and 6, are zero. 
The trim tab may be used to vary tho. 

The variation with speed of elevator hinge moment may be 
obtained by substituting in formula (17) the expressions for 
the values of aT and 6, already derived. The expression for 
be (formula (14)) has been modified by adding 6,, the initial 
elevator deflection when C, is zero. This substitution gives 

TX- 
V I  Tn steady flight C - 

portional to the elevator hinge moment: F= KH. 
these substitutions and simplifying gives 

The stsick force is directly pro- 

Making 
"-$ 

(1 9) 
where Cho' is the sum of the const,ant terms: 

Formula (19) may be used to shoa- the eflect of various 
design features on the variation of stick force with speed. 
If the assumption is made that the ratio qT/q does not vary 
appreciably with speed (a condition usually true in gliding 
flight), the first two terms of formula (19) are seen to be inde- 
pendent of speed. The third term, which depends on the 
trim-tab setting or stabilizer setting, adds to the constant 
force a force that varies as the square of the speed. These 
conditions are shown graphically in figure 7. The slope of the 
curve of stick force against speed for a given trim speed is 
seen to bc stable when the sum of the first two terms gives a 
pull force. If C, is assumed to be negative, €actors contrib- 
uting to stability are, first, a center-ofgravity location ahead 

8 ,  
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FICI-RE ;.-\-ariation of stick force n-ith speed in steady flight a5 calculated by formula (19). 
Values below the stalling speed have no physical signi8cance. 

nf stick-fixed neutral point, and second, a positive value of 
chaT. The case of a positive value of (?ha, is of no practical 
interest because, as will be shown later, this condition results 
in unstable short-period oscillations of the airplane with stick 
free. If the airplane is stable with the stick fixed (z/c posi- 
tire), increasing negatively will increase the slope of the 
curve of stick force against speed. 

The relative importance of the terms Cha, and c h a T  niay be 
shown by substituting the following typical values for the 
first two terms in formula (19): 

6e 

:=40 pounds per square foot K=1.25  

dg=~.l~ per degree 

de 1 -~-=0.4 
2 

C 
-=0.05 

s,.=0.2 

= - -  G -0.05 per degree 
as* 

1 -=4 
C 

Stable. reqion '1 Neutral s t ick -  f r e e  sibbiltiv 

0 

I? 

6 

so05 "-Neutral sfrck-free 
sfobi l ; fy  f o r  static 
m o r q h  o f  .05c 

The first two terms of formula (19) are 200ChaTbCc,2 and 
62.5ch6 b,c,?. For this particular value of static margin, 
therefore, a given change in ch,, has about three times as 
much effect on the sum of these two terms, and hence on 
the stability characteristics, as a similar change in c h 6 ;  

One type of diagram that illustrates graphically the rela- 
tive effects of c h a T  and Chle on the static stability, and that 
is also useful in the design of an elevator, is shown in figure 8. 
This diagram is a plot of chaT against ch On this plot is 
a line representing combinations of c h  and c h  which make 
the sum of the first two terms of equation (19), and hence 
the stick-free stability, equal to zero. This line is drawn for 
the case of a static margin of 0.05e, just considered, and also 
for the case of the center of gravity a t  the stick-fixed neutral 
point (static margin equal to zero). When the static margin 
is equal t,o zero, variations of Chae have no effect on the stick- 
force variation with speed. I n  this diagram, each combina- 
tion of C h h e  and c h a T  may represent the hinge-moment 
characteristics of an elevator with some type of aerodynamic 
balance. It is possible to  pick combinations of c h  and 
c h a T  that will give stability. A range of types of aero- 
dynamic balance which will give stability may therefore be 
selected. Other lines, representing such quantities as various 
degrees of stick-force variation with speed or acceleration, 
trim changes due to flaps and power, and boundaries between 
stable and unstable short-period oscillations, mag be drawn 
on a plot of this type. The hinge-moment parameters 
which give the most desirable characteristics for a given 
application may then be determined. 

The relation between the control characteristics of the 
airplane and the locations of the stick-hed and stick-free 
neutral points may be summarized on a diagram similar to 
that previously given for the stability characteristics. This 
chart is shown as figure 9. 

E 

6,' 

E T  6, 

6, 

P o s ; t , v e  voIues o f  Ch not used 
becouse o f  unstoble shor t -per lod  
oscttlotions wlfn s t i c k  iree 
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FIGURE B.-Chart describin: the control characteristics or an airplane as a function of center-of-pravity position. The arrows indicate location of 

When a control surface is free to float it will assume a 
deflection such that the hinge moment is zero. If the surface 
is initially trimmed a t  zero deflection, the floating angle is 
related to the angle of attack by the formula 

I t  was previously mentioned that the stick-free stability 
would be increased if the elevator tended to float against 
the relative wind and that a positive value of dCh/& would 
contribute to the stick-free stability. Formula (21) indi- 
cates that a surface with a positive value of c h ,  will float 
against the relative wind. The two methods of considering 
the problem of stick-free stability are therefore in agreement. 

DETERMINATION OF NEUTRAL POINTS FROM FLIGHT 
TESTS 

Data for the determination of neutral points from flight 
tests are obtained by measuring the elevator angle and stick 
force required to trim the airplane a t  various speeds. The 
tests are made a t  two or more center-of-gravity positions. 

STICK-FIXED NEUTRAL POINT 

The stick-fixed neutral point is determined from the 
variation of the elevator angle with speed. Typical flight 
data showing elevator angle plotted against speed for various 
center-of-gravity positions are shown in figure lO(a). The 
stick-fixed neutral point a t  any given speed may be deter- 
mined by finding the center-of-gravity position at which the 
elevator angle for trim remains constant as the speed is 
changed slightly. Because of the difficulty of reading the 
slopes of the curves plotted in figure 10 (a) with equal accuracy 
a t  all speeds, it is desirable to plot first the elevator angles 
against lift coefficient as shown in figure 1O(b). Inasmuch as 

these curves are determined a t  the lift, coefficient at which it 
is desired to find the neutral point. These slopes are then 
plotted against the center-of-gravity position as shown in 
figure lO(c). The stick-ked neutral point is the point at, 

dae which slope - equals zero: in this case, 36.5 percent mean do& 
aerodynamic chord (M.A.C.). 

STICK-FREE NEUTRAL POINT 

The sfick-free neutral point is determined from the varia- 
tion of stick force with speed. Typical flight data showing 
stick force plotted against speed for various center-of-gravity 
positions are shown in figure Il(a).  From these curves, a 
plot of F ~ Q  against lift coefficient is made as shown in fig- 
ure 11 (b). The slopes of these curves are determined a t  the 
lift coefficient a t  which i t  is desired to find the neutral point. 
These slopes are then plotted against the center-of-gravity 
position, as shown in figure l l(c).  The stick-free neutral 
point is found as the center-of-gravity position for which the 

F d -  
Q slope d ~ ,  equals zero: in this case, a t  28.0 percent mean 

aerodynamic chord. 
This method is strictly correct only at  the lift coefficient at 

which the airplane is trimmed, but the error involved at  other 
lift coefficients is generally within the accuracy of the flight 
data. 

Another method to determine the stick-free neutral point 
in flight is to trim the airplam, stick free, at various speeds 
and record the trim-tab angle as a function of speed. The 
test is repeated a t  various centersf-gravity positions and the 
stick-free neutral point is determined as the center-of-gravity 
position where the variation of trim-tab angle with lift 
coefficient is zero. The procedure used is similar to that 
described for finding the stick-fixed neutral point from the 
measured variation of elevator angle with speed. 
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C 9 position, percent M A  C 

EFFECTS OF COMPRESSIBILITY ON TRIM AND STABILITY 

EFFECTS OF COMPRESSIBILITY O N  VARIOUS AIRPLANE COMPONENTS 

Large changes in tlie aerodynamic forces and moments 
eserted on a wing do not occur until the wing critical ,\lac11 
number is exceeded. At the critical Nach number. a s h d i  
wave is formed. In  order to define the critical Mach 
number, a locus of points on tlie bod>- where the velocity of 
fiow is a maximum must be determined. TThen the com- 
ponent of velocity normal to this locus reaches the local speed 
of sound, the critical Mach number is reached. For tmo- 
dimensional and %xially symmetrical flow, or other flows in 
which the locus of points where the velocity is a maximum is 
perpendicular to tlie free-stream flow, the critical 1Iach 
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(c) Variation of ths quantity +$ with wntcr-of-Fravity m i t i o n .  

F I G U ~ E  IO.--Method fur drtcrmining stick-fired neutral point from fiight datn. 

number is the speed at which tile local velocity equnls tllc. 
local speed of sound. At a Mach number approximately 1 / I  ( j  

greater thnii the critical Mach number, separation of Rei\ 
occurs behind the shock wave. nnd the lift and the niomcllt 
acting on the wing are greatly changed. Generally the l i f t  
at a given ang!e of attack is retluced and the pitcliill; 
moment acting on the wing becomes more positive. T11,. 
critical ?\lac11 number of a wing depends principally 011 it. 
thickness and somewhat on its nirfoil section. The critical 
Mach numbers of various airfoil sections are given in 
reference 13. 
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APPRECIATIOS A N D  PREDICTIOK OF FLYING QUALITIES 

The forces acting on the tail are influenced by compress- 
ibility effects in the same way as the forces on the wing. At 
Mach numbers 1 /10 or more above the critical Alacli number 
of the tail section, the effectiveness of a control surface such 
as the elevator may be espected to be greatly reduced. 

Compressibility effects on the fuselage may cause consider- 
able drag increases but theF usually do not seriously affect 
the stability. 

EXAMPLES OF EFFECTS OF COMPRESSIBILITY 

Typical effects of compressibility on the trim and stability 
characteristics of a straight-wing airplane designed primarily 
for flight at subcritical speeds, as typified by fighter airplanes 
of World War 11, are as follows: 

(1) Large nosing-down tendency at high speed that may 
require pull force on the stick exceeding the strength of the 
pilot 

( 2 )  Large increase in stability which requires unduly large 
elevator movement and forces to produce a given change in 
lift coefficient or acceleration 

An example of the variation with speed of the stick force 
required for steady flight in a fighter airplane of this type is 
shown in figure 12. The stick forces required to pull out of 
the dive with various accelerations are also shown. Although 
most airplanes experience a diring tendency due to compressi- 
bility effects, some airplanes have sliown a nosing-up 
tendency . 

REASONS FOR COMPRESSIBILITY EFFECTS 

In  most cases the diving tendency experienced at high 
Jiach numbers may be accounted for by a reduction in down- 
wash at the tail resulting from separation of flow at the wing 
root and also from the need to pitch the airplane to a higher 
angle of attack in order to maintain the same lift on tlie wing 
as the  Mach number increases. The increased stability of 
tlie airplane at  high Mach numbers results from the same 
cause: that is, the airplane must be pitched to a higher angle 
of attack than normal to obtain a given lift increment and 
when this lift is obtained it is not accompanied by downwash 
a t  the tail because of separation of the flow from the inboard 
portions of the wing. When these compressibility effects are 
experienced in fligli t ,  they are generally accompanied by 
severe buffeting and shaking of the airplane caused by the 
action of the wing wake on the tail surfaces. 

Compressibility eff ects may bc postponed to higher Mach 
numbers by providing thinner wings and otherwise providing 
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for a cleaner design. The terminal Much numbers of future 
airplanes map, however, frequently exceed the Mach num- 
bers at which compressibility effects occur, in spite of any 
refinements in design. With thinner sections, however, the 
adverse effects of compressibility on stability and control are 
likely to be much less severe. 

Another method for reducing the adverse effects of com- 
pressibility is the use of sweepback. On a sweptback wing 
of high aspect ratio, the critical Mach number of sections 
not too close to the root or tip is postponed until the com- 
ponent of velocity normal to the leading edge exceeds the 
critical Mach number of the airfoil in two-dimensional flow. 
(See reference 14.) On a finite-span swept wing, however, 
this amount of gain is not obtained because the root section 
tends to behave more like an unswept wing. Thus, the use 
of sweepback cannot be expected to eliminate stability diffi- 
culties similar to those encountered with straight-wing 
designs. The use of a large amount of sweepback also intro- 
duces many low-speed stability and control problems. (See 
reference 15.) 

DIVE-RECOVERY FLAPS 

One device which has proved successful in providing 
recovery from dives a t  high Mach numbers on straight-wing 
airplane configurations designed primarily for flight at sub- 
critical speeds is known as the dive-recovery flap which con- 
sists of a pair of small movable flaps on the lower surface of 
the wing, generally located at about 30 percent of the chord. 
Such flaps should be located in front of the horizontal tail 
because their main effect is to change the span load distri- 
bution of the iring so as to provide an increased downwash 
a t  the tail. For a fighter airplane such flaps would have 
about 2-foot span and 6-inch chord. When deflected in the 
dive these flaps will cause the airplane to pull out with an 
acceleration of about 5g. The acceleration obtained may be 
adjusted by varying the flap deflection. A typical dive- 
recovery-flap installation is illustrated in figure 13. 

EFFECTS OF STRUCTURAL AND CONTROL-SURFACE 
DISTORTION ON LONGITUDINAL STABILITY 

Other causes of difficulty with longitudinal stability and 
control characteristics that appear in flight a t  high speeds 
are distortion oi the covering on the control surface, twisting 
of the stabilizer, or bending of the fuselage. The most seri- 
ous effect generally results from deflection of the covering of 
thc control surface. Such effects generally arise from two 

I I 
260 280 300 320 340 3 0  380 

Indica fed airspeed of 25,000-foot altitude, mph 

FIWRE I?.-Typic~~l rxnmpk of~fkrtr  of mmpnwihility on the variution of stick force with 
speed in steady flight and 111 Right with constant values of normal wwlrration. 
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FIGURE 13.-Typid dive-recovery-flap installation. 

causes. These are first, a bulging or sucking in of the cover- 
ing due to positive or negative internal pressure, and second, 
a change in the mean camber line of the control surface due 
to esternal aerodynamic loads. 

The effect of positive internal pressure may bulge the sur- 
face so that its trailing-edge angle is greatly increased. This 
change in contour may result in the surface becoming over- 
balanced and will cause violent short-period oscillations to 
occur. On the other hand if the covering is sucked in by 
nega tive internal pressure, the effective trailing-edge angle 
mar  be reduced so that values of c h ,  become more negative. 
This change in hinge-moment characteristics may result 
in a loss of stick-free stability which may cause unstable 
control-forcc variations with acceleration in dive pull-outs. 

Bowing of the mean camber line of the control surface 
which increases progressively with speed may occur if the 
fixed surface ahead of it is set a t  the wrong angle. For ex- 
ample, if the stabilizer incidence is too great, up elevator 
w-ill ha\-e to be carried in flight at high speed. The down load 
on the elevator will cause a progressive increase in currature 
of the surface which gives an effect similar to deflecting a 
trim tab on the surface farther up as the speed increases. 
As a result, rapidly increasing pull force will be required to 
maintain trim. The opposite effect will occur if  the stabi- 
lizer is set at a negative angle, requiring down elevator for 
trim. 

I n  order to determine whether unusual control character- 
istics in high-speed flight are caused by compressibility or 
by distortion, tests should be made at low and high alti- 
tudes. I n  this way different Mach numbers may be at- 
tained at the same dynamic pressure. Compressibility 
effects will always set in a t  a given Mach number, whereas 
distortion effects will set in at a given dynamic pressure. 

The effects are illustrated in figure 14. 
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FICURL 14.--Effect of stabilizer incidence on the variation of stick force with speed in straight 
flight. The variations in stick-force charscteristics result from distortion of thr elevator 
covering and from stabilizer twist. (Anglesand distortionsgreatlyeraggrratedon sketches.) 

These stability characteristics cannot be predicted from 
wind-tunnel tests of a rigid model; however, tests of a rigid 
model should give characteristics of the basic airplanc 
configuration when it is free from distortion effects. TL,. 
distortion effects may be minimized by correctly setting tiit 
stabilizer and by properly venting the elevator to avoid 
large internal pressures. In some cases the distortion effects 
may be employed to advantage to provide increased stabilitj- 
if the rigid airplane is deficient in stability. A more complete 
analysis of these distortion effects is given in reference 16. 

LONGITUDINAL TRIM CHANGES DUE TO POWER AND 
FLAPS 

REQUIREMENT 

The specifications of various agencies for satisfactory flying 
qualities differ somewhat in the limits specified for allowable 
trim changes. In  general, the requirement is that the change 
in stick force due to changing the configuration of the airplane 
by changing the flap position or power condition should be 
less than 35 pounds at any speed within the structural limits 
of the design. 

REASONS FOR TRIM CHANCE WITH FLAP AND POWER CONDITION 

In  general, changing the flap or power condition will cause 
a change in angle of flow and in dynamic pressure at  the tail. 
These effects combined with the change in wing pitching- 
moment characteristics will require a change in elevator 
angle to maintain trim. The changes in the angle of attadx 
and elevator angle influence the elevator hinge-moment 
coefficient in accordance with the values of c h ,  and chs. 
A change in dynamic pressure causes a change in elevator 
hinge moment even if the hinge-moment coefficient remains 
constant. Trim change may possibly be minimized by 
using values of ch, and c h ,  such that the effects of angle of 
attack and elevator deflection tend to cancel one another. 

The maximum trim change frequently occurs when full 
power is applied after the airplane has been trimmed for a 
landing approach with flaps down and power off. This 
condition usually requires full nose-up trim-tab deflection. 
With application of power the velocity of flow over the trim 
tab generally increases more than the average change over 
the tail and large push forces may be required to prevent the 
airplane from nosing up. 

On large airplanes, the value of chs must be made small 
to obtain light forces in maneuvers over a reasonably large 
ccnter-of-gravity range. Since large changes in angle of 
attack of the tail usually occur when the flaps are deflected, 
the value of c h ,  must also be small to avoid large trim 
changes. 1n general, a large positive value of c h ,  (obtained 
with a horn-balanced elevator or a beveled-trailing-edg( 
elevator) has been found to lead to excessive trim changes 

LANDING AND TAKE-OFF CHARACTERISTICS 

REQUIREMENT FOR LANDING CHARACTERISTICS 

The flying-qualities requirements state that the elevator 
control should be sufficiently powerful to hold the airplane 
off the ground until three-point contact is made for a COD- 

ventional landing gear and, for a tricycle landing  far^ 
should be sufficiently powerful to hold the airplane frcJm 
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actual contact with the ground until the minimum speed 
required of the airplane is attained. The stick force required 
for this maneuver should be less than 50 pounds pull. 

REQUIREMENTS FOR TAKE-OFF CHARACTERISTICS 

During the take-off run it should be possible to'maintain 
the attitude of the airplane by means of the elevator a t  
any value between the level attitude and that corresponding 
to maximum lift under the following conditions: 

(1) For a tricycle landing gear, after 0.8 take-off speed 
has been reached 

(2) For a conventional landing gear, after 0.5 take-off 
speed has been reached 

DISCUSSION OF GROUND EFFECT 

The foregoing requirements were established because the 
landing condition is often the most critical with regard to 
elevator control. This condition results from the fact that 
the ground reduces the downwash angles near the tail and 
makes the airplane more stable. The size of the elevator 
is usually determined by the control requirements near the 
ground. 

The airplane wing may be replaced by a vortex whose 
strength is proportional to  the lift, as shown in figure 15(a). 
The vortex produces a vertical velocity w in the region of 
the tail and the downwash angle 

A simplified explanation of the effect follows. 

W 
'=v 

The effect of the ground can be simulated by a mirror 
image of the airplane and its vortex system, since such an 
image will satisfy the condition that there can be no vertical 
velocity through the ground. This vortex system is shown 
in figure 15(b). The effect of the image vortex is to produce 
an upward velocity w, in the region of the tail. The down- 
wash angle when the airplane is near the ground is then 

w-w, 
V e =- 

The downwash is therefore reduced by the presence of the 
ground and more up-elevator angle is required to trim the 
airplane. 

LONGITUDINAL STABILITY AND CONTROL 
CHARACTERISTICS IN ACCELERATED FLIGHT 

RELATIONS BETWEEN LONGITUDINAL STABILITY IN STRAIGHT AND IN 
ACCELERATED FLIGHT 

In the preceding sections the static stability of an airplane 
in straight flight has been discussed. The stability was 
related to the variation of pitching moment with angle of 
attack. Changes in angle of attack were brought about by 
changing the speed while keeping the airplane in straight 
flight at 1 g normal acceleration. This condition applies in 
ordinary climbing, cruising, or gliding flight. In maneuvers, 
however, it  is more common for the pilot to make sudden or 
rapid changes in angle of attack which occur before the speed 
can change appreciably. The result of such changes in 
angle of attack is to cause an accelerated maneuver. In 

8 5 8 2 6 8 - W  

h 

Real airplane 

Ground Vortexc' 

(a) Airplane away from ground. 
(b) Airplane near ground. 

FIGURE 15.-Effect of image rortex system on doanwash at tail as airplane approaches 
the ground. 

this case, the normal acceleration is more than 1 g and may 
approach the structural limit of the airplane, which for 
fighter airplanes corresponds to about 9g and for transport 
or bomber types, to about 3s. During an accelerated 
maneuver of this kind, the elevator is used to supply a 
pitching moment which balances the pitching moment 
caused by the variation of angle of attack. In this respect 
longitudinal stability in maneuvers is similar to that in 
straight flight. An additional pitching moment is intro- 
duced, however, because of the curvature of the flight path 
in an accelerated maneuver. I n  order to calculate the 
elevator movement and control forces required in accelerated 
maneuvers, the effects of both sources of pitching moment 
must be considered. 

The effects of curvature of the flight path are discussed 
first. Consider the airplane performing a pull-up from 
straight flight while traveling at constant speed as illustrated 
in figure 16. The change in angle of attack of the tail caused 
by the curvature of the flight path is given by the expression 

1 _- E-& 

R 

\ 

hr.~~~16.-Effectofcurvatureofflight pathou theangleofattackatthe tailduringapull-up 
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Thc radius of cwvatuc  may be expressed in terms of the 
normal acceleration and the speed, by means of the formula 

The change in angle of attack of the tail caused by curvature 
is therefore given by the expression 

For some calculations this formula is more conveniently 
expressed in terms of lift coefficient inst,ead of normal 
acceleration. From the definition of lift coefficient 

Wn =- 
f vzs 

This formula may be solved for 'I" to give 

Substituting this value in formula (24) gives the following 
expression : 

I(n-l)gC,S; 

Wn AaT= 

where 
m 

'I=ps1 

The quantity I.( is called the airplane relative-density 
coefficient. This factor frequently occurs in dynamic- 
stability calculations. 

The changc in elevator angle required in accelerated flight, 
like the change in angle of attack of the tail, comes from 
two sources. The first part, designated A&,, is that re- 
quired t,o pitch the whole airplane to a higher angle of 
attack, and the second part, designated A&, is that re- 
quired to offset thc additional lift on the tail that results 
from the curvature of the flight path. The quantity is 
derived by equating thc pitching momcnt due to the change 
in elevator angle to the pitching moment due to change in 
angle of attack. The expression for the elevator angle was 
derived previously and is given in formula (12). The change 
in elevator angle is 

An additional change in elevator angle is required to offset 
the effect of curvature of t,he flight path. This change. in 
elevator angle is given by the expression 

where 

The sum of these two increments of elevator anglc gives the 
total change in elevator angle required in accelerated flight. 

CALCULATION OF STICK FORCES IN ACCELERATED FLIGHT 

The change in elevator hinge moment may be calculated 
from the general formula 

A H = ( A ~ & ~ + - A ~ ~ C ~ , ~ )  (32) 

It is convenient t,o consider separately the changes in 
hinge moment caused by pitching the whole airplane to a 
higher angle of attack and the changes in hinge moment 
caused by the effects of curvature of the flight path. 

Effects of pitching the whole airplane to  a higher angle 
of attack.-The change in elevator angle necessary to 
substitute in formula (32) mas given in formula (29). The 
change in angle of attack at the tail is derived as follows: 

(33) 

Substituting the preceding values for A6,, and A ~ T I  in 
equation (32) and simplifying gives the following expression 
for the change in elevator hinge moment: 

where A H ,  is the changc in elevator hinge moment neglecting 
the effects due to curvature of the flight path. 

Effects of curvature of the flight path.-The change in 
elevator angle necessary to substitute in formula (32) was 
givcn previously (formula (30)) and the change in angle of 
attack at the tail due to the curvature of the flight pat11 
was also presented (formula (27)). The elevator angle used 
is that required to offset the additional lift on the tail caused 
by the curvature of the flight path. When these quantities 
are substituted in formula (32) and the result simplified, the 
following expression is obtained for the change in elevator 
hinge moment caused by curvature of the flight path: 
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DISCUSSION OF FACTORS INFLUENCING STICK FORCES IN ACCELERATED 
FLIGHT -I 

? Formulas (34) and (35) Show that the hinge moment and 
' hence the stick force in a pull-up varies directly with the ' normal acceleration and that the force per g normal accelera- 

tion is approsimately independent of speed. The part of the 
stick force per g caused by pitching the airplane to a higher 
angle of attack is proportional to the wing loading and to the 
span times chord squared of the elevator. The contribution 
of chic to this part of the force per g is proportional to x, the 
distance between the center of gravity and the stick-ked 
neutral point in straight flight, The part of the stick force 
per g caused by curvature of the flight path is proportional 
to the air density, the tail length, and the span times chord 
squared of the elevator. This part of the force per g, there- 
fore, varies with altitude and approaches zero at high altitude 
where the density becomes small. This part of the force per 
g is independent of the center-of-gravity position. 

DISTINCTION BETWEEN TURNS AND PULL-UPS 

I n  a steady turn the angle of bank rapidly approaches 90° 
For example, in a 2g-turn the 

angle of bank is 60°, and in a 4g-turn the angle of bank is 76'. 
When the airplane is banked, the acceleration of gravity 
which caused a reading of 1 g on the accelerometer in level 
flight is no longer applied to the instrument. A turn and a 
pull-up made at the same value of acceleration as determined 
by an accelerometer will, therefore, differ because 1 g which 
uas supplied by gravity in the pull-up must be supplied by a 
shorter radius of curvature in the turn. The change in the 
angle of attack at  the tail mused by curvature of the flight 
path will, therefore, be greater in a steady turn than in a 
gradual pull-up at the same acceleration. The expression 
for change in angle of attack at  the tail caused by curvature 
of the flight path in a turn is as follows: 

, as the acceleration increases. 
' 

F h e n  this expression is used to calculate the force per g, it is 
found that the force per g in a turn does not vary linearly 
with the acceleration. The departure from linearity causes 
a slight difference between the values of force per g measured 
in turns and pull-ups. This difference, however, is generally 
within the experimental accuracy of flight tests. Many 
other factors may cause a nonlinear variation of stick force 
with acceleration on an actual airplane. For example, non- 
linear stick-force variation may be introduced by nonlinear 
hinge-moment characteristics of the elevator or by gyroscopic 
moments from the propeller. 

. REQUIREMENTS FOR ELEVATOR CONTROL IN ACCELERATED FLIGHT 

The elevator effectiveness is specified by the requirement 
that either the allowable load factor or the maximum lift 
coefficient can be developed at  every speed. Ordinarily this 
requirement is less critical than the requirement for making 
a three-point landing. Possible exceptions to this statement 
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are as follows: light airplanes for which the effects of curva- 
ture of the flight path are large, and flight a t  high Mach 
numbers where, because of large increases in stability caused 
by compressibility effects, excessive elevator deflection may 
be required for maneuvering. 

The variation of normal acceleration with elevator angle 
and with control force should be approximately linear. The 
theory developed previously indicates that this condition will 
be satisfied if the elevator hinge moment and effectiveness 
characteristics vary linearly with deflection. 

The variation of the elevator control force with normal 
acceleration should be in the following range: 

(1) For transports, heavy bombers, and so forth, less than 
50 pounds per g 

(2) For dive bombers, torpedo planes, and so forth, less 
than 15 pounds per g 

(3) For pursuit types, sport planes, and other highly 
maneuverable airplanes, less than 8 pounds per .q 

(4) For any airplane it should require a pull force of not 
less than 30 pounds to obtain the allowable load factor 

. These requirements vary somewhat in the specifications 
of various agencies, but the force limits are in the same range. 
Another requirement sometimes made is that the airplane 
should not, under any condition, be flown with the center 
of gravity far enough back to reduce the force gradient to 
zero pounds per g. An additional requirement that the 
force in rapid maneuvers should be sufficiently heavy com- 
pared with the force in steady turns has been shown to be 
necessary by recent research. 

EXAMPLES OF STICK FORCE IN ACCELERATED FLIGHT ON DIFFERENT 
TYPES OF AIRPLANES 

The stick force per g of an airplane at any center-of-gravity 
position may be conveniently shown on a plot of the type 
shown in figure 17(a). The effects of changes in some of 
the parameters that influence the force per g are illustrated 
in figure 17(b). I n  order to illustrate the effect of airplane 
size on the stick-force characteristics, the force per g that 
would be obtained at  various center-of-gravity positions on 
three airplanes of different t3ypes has been calculated. The 
calculations were based on the assumption of m unbalanced 
elevator with hinge-moment parameters C,,= -0.003 per 
degree and Ch,=-0.0Q7 per degree. The results of the 
calculations are shown in figure 18. The desired range of 
stick force is also shown in this figure. The airplane char- 
Rcteristics that were assumed in calculating these results are 
given in table I. 

From these examples, the use of a plain unbalanced 
elevator on the fighter or bomber airplane types is seen to 
give stick foices that do not satisfy the requirements over a 
sufficiently large center-of-gravity range. 

MEANS OF OBTAINING SATISFACTORY ELEVATOR CONTROL FORCES IN 
STEADY MANEUVERS 

As illustrated in figure 17(b), the variation of stick force 
per g with center-of-gravity position may be decreased by 
reducing the value of Cha and the value of the stick force 

! 
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per g may be changed by a constant amount a t  any center- 
of-gravity position by changing the value of C,,. A con- 
stant increment of stick force per g may also be added by 
use of a bobweight. A bohweight, therefore, has an effect 
on the stick-force characteristics similar to that of a more 
positive value of C,,. Means for independently varying 
the values of Cha and Ch, were discussed in connection with 
the balancing of control surfaces. Figure 18 shows that an 
unbalanced elevator will provide satisfactory stick forces on 
a light airplane, but that a large amount of aerodynamic 
balance will be required on larger airplanes. The required 
reduction in Cns as a function of airplane weight is shown 
roughly in figure 19. Since s m d  variations in C,, will 
occur because of differences in contours of the elevators 
within production tolerances, the stick-force characteristics 
of very large airplanes may be difficult to predict and may 
vary widely between different, airplanes of the same type if 
a conventional elevator is used. These difficulties may be 
avoided by the use of a scrrotab or by some type of booster 
mechanism which multiplies the pilot's effort by a large factor. 

STICK FORCES IN RAPID PULL-UPS 

When an airplane is equipped with an elevator that does 
not have a large amount of aerodynamic balance, the stick 
force required to produce agiven acceleration in arapid pull-up 
will be much larger than the stick force required to produce 
the same acceleration in a steady turn, because the elevator 
deflection required in a rapid pull-up is much larger. On 
the other hand, if the elevator is very closely balanced so 
that C,, is zero and all the force in a maneuver results from 
the use of n bobweight or a positive value of Cam the stick 
force in a rapid maneuver will be no greater than that in a 
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stead)- turn. Such arrangements have been tried in order 
to provide desirable stick forces in steady turns over a large 
range of center-of-gravity position. Flight tests of such 
an arrangement have shown it to be undesirable, however, 
because the pilots object to the light stick forces in rapid 
maneuvers. With such a system the pilot may br: able to 
deflect the elevator quickly a large amount with practically 
no stick force and then the sticli force caused by the action 
of the bobweight will build up as the acceleration increases. 
In  order to avoid this undesirable control feel, the use of very 
closely balanced elevators should perhaps be avoided. This 
restriction will necessarily limit the center-of-gravity range 
over which desirablpi stick forces can be obtained unless 
some additional mechanism is employed which increases the 
stick forces for rapid deflections without affecting the forces 
under steady conditions. 

DISCUSSION OF TYPES OF CONTROL-SURFACE 
BALANCE 

IMPORTANCE OF CONTROL-SURFACE BALANCE 

The discussion of stick-force characteristics in steady 
flight and in maneuvers indicated the close relation between 
the stick-free longitudinal stability characteristics of an 
airplane and the hinge-moment parameters of the elevator. 
The same type of relation is shown to exist in the case of the 
aileron and rudder controls. Not only the stability itself 
but also the magnitude of the control forces in various 
maneuvers is directly dependent on the control-surface hinge- 
moment parameters. As larger and faster airplanes are 
made, an increased degree of balance (corresponding to values 
of C,,, and c h ,  closer to zero) must be employed on d control 
surfaces in order to prevent control forces in steady flight 
and in maneuvers from becoming excessive. Several com- 
mon types of aerodynamic balance for control surfaces will 
be considered. First, the characteristics of n plain control 
surface, which consists of a hinged flap with no aerodj-namic 
balance, are discussed. 

PLAIN CONTROL SURFACE 

The ralues of Ch, and CR, as a function of flap chord for 
plain (unbalanced) sealed flaps on an NACA 0009 airfoil of 
infinite aspect ratio are shown in figure 20. These data are 
taken from reference 17. The effect of finite aspect ratio 
usually is to reduce somewhat the negative values of both 
Ch, and C,,,. Reliable values of these hinge-moment param- 
eters for a finite aspect ratio can be calculated from the 
two-dimensional parameters only when methods based on 
lifting-surface theory are used. Lifting-line-theory methods, 
such as are generally used in prediction of lift-curve 
slope, have been proved inadequate. Lifting-surface-theory 
equations, applicable to full-span control surfaces on wings 
of finitc aspect ratio, are given in rcference 18. 

I 
BALANCE CHARACTERISTICS 

1 Overhanging or inset-hinge balance.-The overhanging 
' balance or inset-hinge balance has been the type most 

commonly used in the past on actual airplanes. The hinge- 
: moment parameters for control surfaces having such balances 
[i are affected by the overhang length and by the balance nose 

shape in the manner illustrated in figure 21. These data it 

are taken from reference 19, which also contains a large 
amount of information on the various types of aerodynamic 
balance. Increasing the bluntness of the balance nose 
reduces the hinge moments for small deflections, but i t  also 
tends to make the flow separate from the balance nose at  
smaller deflections than those at which separation occurs on 
an elliptical- or sharp-nose section. A control surface with 
a very blunt-nose balance therefore usually must be restricted 
to a smaller deflection range than a control surface with a 
more rounded nose shape. 

Unshielded horn balance.-The effects of varying the size 
of an unshielded horn balance are shown for a typical case 
in figure 22. The 
amount of balance is expressed in terms of the area moment 
of the horn about the hinge line. 

Balancing tab.-The effect of a balancing tab is to reduce 
the negative value of ch, without, appreciably changing the 
value of C,,,. The value of CR, is not changed because the 
configuration of the airfoil is not affected by the tab except 
when the control-surface deflection is varied. The tab 
affects the value of c h i  by changing the pressure distribution 
in the vicinitj- of the trailing edge of the control surface 
when the surface is deflected. This change for a balancing 
tab results in a small loss in control-surface effectiveness as 
well as a reduction in the value of c h , .  A tab with a ratio 
of tab chord to flap chord of aboutfiO.2Igives the least 

These data are taken from reference 20. 
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FIGURE 2O.-Variation of flap section hinge-moment parameters with ratio of flap chord to 

airfoil chord. Plain naps with waled gaps on XACA Oool, sirfoil of in5nite aspect ratio. 
Data from referenee 15. 
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FIGURE 21.-Typical effects of overhang balances on eontrolaurfaop hinge-moment 

parameters. Derived from data of reference IS. 

reduction in control effectiveness for a given change in Ch6. 
Typical effects of a balancing tab on the hinge-moment 
Characteristics are illustrated in figure 23. The data shown 
in this figure are derived from reference 19. 

Beveled-trailing-edge balance.-The flow in the vicinitty 
of the trailing edge of an airfoil equipped with a beveled- 
trailing-edge control surface, when the control surface is 
deflected, is like that caused by a deflected tab. For this 
reason, the value of Ch6 is reduced by the beveled trailing 
edge. The beveled trailing edge also reduces the negative 
value (or increases the positive value) of c h , .  A beveled 
trailing edge on an unsealed control surface may give exag- 
gerated effects at small deflections and angles of attack, 
which result in overbalance of the surface for a small 
deflection range. For this reason, control surfaces equipped 
with a beveled trailing edge should be sealed. The effects 
of trailing-edge angle on hinge-moment characteristics are 
shown in figure 24. The data shown in this figure are derived 
from reference 19. 

-.0120 1 .05 .IO .I5 .a 
Areornament of horn 

A r e o  moment of control 
FIOUEJI 2T-Typical Pffrcts of unshielded horn balances on control-surface hinge-mommt 

parameters. Derived from data of reference 20. 

Sealed internal balance.-The characteristics of a sealed 
internal balance are somewhat similar to those of an over- 
hanging balance. The ratio of the area of any leaks in the 
seal to the area of the vents at the hinge line must be small if 
the balance is to be effective. I n  practice, some type of 
rubberized cloth seal is most satisfactory. The effects of n 
sealed internal balance on the hinge-moment characteristics 
are shown in figure 25. 

Other types of control-surfzce balance.-Other types of 
control-surface balance that tre sometimes used are as 
follows: shielded horn balance (paddle balance), Frise 
balance, piston balance, and various types of double-hinp 
control surfaces, such as those described in references 21 and 
22. Other devices that may be used to reduce control f o r m  
include spoilers (reference 19), all-movable control surfacci 
(reference 23), servotabs, and spring tabs (reference 24). 

COMPARISON OF VARIOUS BALANCING DEVICES 

The preceding discussion of the various balancing devices 
has shown that some balances affect Ch, more than cnl. 
whereas other balances have a predominant effect on cv 
In order to obtain desired control-force and stability char- 
acteristics, it is convenient to be able to var? c h ,  and c b ~  

independently through the appropriate choice of balance Or 

of combinations of balances. 
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FIGURE 23.-Typical effects of fullspan balancfng tabs on control-surface hinge-moment 
parameters. &rived from data of reference 19. 

A comparison of the relative effects of the various balances 
on the hinge-moment parameters is given in figure 26 where 
values of 4, are plotted against values of Cha.  A point 
indicated by a circle on figure 26 represents the values of 
the hinge-moment parameters of a typical plain control 
surface. The various lines radiating from that point indicate 
the manner in which the hinge-moment parameters are 
changed by the addition of various kinds of balances. The 
distance along any of the lines from the point for the plain 
control surface to a point for a balanced control surface 
depends on the amount of balance used. Through the 
appropriate choice of aerodynamic balance a large number of 
combinations of c h ,  and Cha can be obtained. A consider- 
ably greater number of combinations of these parameters 
can bc obtained by combining two or more types of balance 
as, for example, a small amount of bevel with any of the 
overhang balances or with a balancing tab. The value of 
Cha may be made to increase positively while the value of 
Chr increases negatively by combining an unbalancing tab 
with an unshielded horn balance or with a beveled-trailing- 
edge balance. such us figure 26 
showing the balance characteristics may be used in con- 
junction with a similar plot such as figure 8 showing the 
required hinge-moment characteristics. By comparison of 

A plot of (?ha against 
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FICVRE %.-Typical effects of Im-eled-trniliug+dm balanQson controlsurface hinge-moment 

parameters. Derived from data of reference 19. 

the two sets of curves, a balance which will provide the 
desired stick forces may be selected. 

Any of the types of balance discussed in this section may 
be used to reduce the value of CAS to zero if used in sufficient 
amount. The choice of the type of balance to use in a 
practical installation depends largely on the effect of the 
balance on characteristics other than the hinge moments a t  
small deflections. The advantages and disadvantages of 
various types of balance are briefly discussed in table 11. 

DIRECTIONAL STABILITY AND CONTROL 
CHARACTERISTICS 

DIRECTIONAL TRIM CHARACTERISTICS 

REQUIREMENTS 

For all types of airplanes, the rudder should be sufficiently 
powerful to provide equilibrium of yawing moments in 
flight with the &gs level at any speed and in any flight 
condition. When the airplane is trimmed at  maximum 
level-flight speed, the rudder force required at  any speed 
from the s td l  to the maximum diving speed should be as 
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FIGURE %.-Typical effects of sealed internal balances on control-surface binge-mouent 

parameters. 

small as possible and should not exceed 180 pounds. In  
addition, the rudder control should be sufficiently powerful 
to maintain directional control during take-off and landing. 
For multiengine airplanes, the rudder control should be 
sufficiently powerful to provide equilibrium of yawing mo- 
ments at all speeds above 110 percent of the stalling speed 
with any one engine inoperative (propeller at low pitch) and 
the other engines developing full rated power. 
DIRECTIONAL TRIM CHARACTERISTICS FOR SINGLE-ENGINE AIRPLANES 

Typical variations of rudder angle, rudder force, and 
sideslip with speed in straight flight with the wings laterally 
level are shown for a single-engine airplane in figure 27. 
The reasons for the rudder deflection and sideslip required 
a t  lour speed with power on are illustrated in figure 28. At 
high angles of attack the propeller produces a yauing mo- 
ment and the propeller-fuselage combination produces a side 
force. For the normal direction of propeller rotation (clock- 
wise when viewed from the rear) the yawing moment and 
side force are to the left. Right, rudder deflection is re- 
quired to offset propeller yawing moment and also to offset 
the aileron yawing moment when the ailerons are deflected 
to balance the propeller torque. The vertical tail, there- 
fore, develops an additional side force to the left. In order 
to offset the left side force on the fuselage and tail, the air- 
plane must sideslip to the left because with the wings level 
no side-force component due to gravity exists. Because of 
the airplane’s directional stability, additional rudder deflec- 
tion to the right is required to provide directional trim when 
the airplane sideslips to the left. Right rudder deflection is 
also required to offset the effects of slipstream rotation. The 
provision of directional trim a t  low speed with flaps down 
and rated power generally is a critical condition for the rud- 
der power. I t  is desirable to have su5cient rudder deflection 
beyond that required for trim to offset the yawing moments 
due to aileron deflection and rolling velocity in a roll. 

,.-Unsh;elded horn balunce I 
_ I  .--Beveled- trailing - edge bolonce 

-.ooel I I 1 I .  
7 012 -.OD8 -. 004 0 .004 

Ch* 
Rcvnr 26.-Comparison ofdecta of various aerodynamic balances on hinge-moment parameters of typical control surface. 
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- ' The variation of sideslip angle with speed in the power-on 
condition (fig. 27) may influence the elevator angle required 
for trim and hence the static longitudinal stability as meas- 

5 ured in flight. The sideslip angle will affect the elevator 
angle required for trim in cases where there is a pitching 

- moment due to sideslip. Frequently the pitching moment 
due to sideslip of a single-engine tractor airplane in the 

Power 
0 Off 

x. \.;-.off 

__.._..Power off 

v) 

io0 200 300 400 500 
Jn@coted oirspeee nph 

FIGWEE 27.-Typieal,variations 01 rudder angle. rudder force, Bpd sideslip q l e  with s w d  
in straight 5 g h t  with wines lawrallg level. Singleenerne tractor airplane. 

power-on condition is in the nose-down direction. AS a 
result, increased up-elevator deflection will be required for 
trim at lower speeds. This effect results in an increase in 
stat,ic longitudinal stability. This effect of sideslip must be 
considered when comparing flight and u ~ d - t u n n e l  predic- 
tions of static longitudinal stability. The use of this effect 
to increase stability does not appear very desirable, inasmuch 
as a large pitching moment due to sideslip is inherently 
undesirable. 

The variation of rudder force with speed is caused by the 
effects of power and by distortion effects on the rudder fabric 
at high speed. In the power-off condition an airplane with 
zero fin offset would be expected to require no rudder deflec- 
tion or rudder force for trim at  any speed. The right rudder 
force which is shown by figure 27 to be required for trim in 
the low-speed power-on condition results from the right 
rudder deflection required. The left rudder forces required 
for trim at very high speed would occur if the fin were offset 
uith leading edge to the left, for the same reason that the 
elevator force variation with speed depends on stabilizer 
setting. On actual airplanes the fin is frequently offset to 
the left in order to reduce the rudder deflection required for 
trim at low speed. This practice appears inadvisable on 
high-speed airplanes because of its adverse effect on the 
rudder trim forces in dives that result from distortion of the 
rudder. 

A possible method for considerably reducing the rudder 
deflection for trim a t  low speed without introducing unde- 
sirable effects a t  high speed is to offset the center of gravity 
of the airplane to the right. This method is effective for 
the following reasons: 

(1) The aileron deflection required for trim at low speed 
and therefore the aileron yawing moment are thereby 
reduced. 

V 

..Flow d+ec ftim 

SHe *ce ~n 

(a) Sideslip-0; d e  force to left. (b) Sideslip t o  left; side force-O;airplaneinequiIibrium. 

moments acting on single+ngine tractor airplane in lUght at high antzles of attack with wings level. Propeller rotation clwkwpise when vicwed from tho rear. 
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(2) If tho thrust forcc rxceetls the drag, the rxcess of 
tlirnst ovrr drag prodiirrs a yawing momrnt to the riglit 
nbout, t l i t ,  c . r i i t  ttr of gravity wliicli rrtliirrs the riiclclcr clrflrc- 
tioii rt*cliiirc~cl for trim. 

( 3 )  llrc*nrisr of the smallrr sitlv forcr on the vrrtirnl tail, 
Irss sitlrslip is rrquircd for cquilibrium and hence tlie,riidtler 
tlcflcction rrqiiirrd to produce this sideslip is rcduretl. 
Thc control clrflcctions required when the center of gravity is 
offset vary iriveiwly as thr square of the sprccl and tlirrrfnro 
1)ccomc.s vcry small a t  Iiigli spccds. Plight trsts h v c  sitomn 
that on n typical singlc-cngino airplanc a Intcral ccntrr-or- 
gravity shift of 1.8 percent of tho wing spnn retlucctl tho 
rutltlrr tlrflrction rcquired for trim at minimum specd in tlic 
wave-off condition by 10’. 

CHARACTERISTICS IN STEADY SIDESLIPS 

REQUIREMENTS 

Directional stability and control characteristics in side- 
slips.-Right riiddcr dcflcction should be rcquired to hold 
left sitlrslip, nntl vice versn. Tho variation of riiddcr nnglc 
with sitlcslip should be npproximately linear for angles of 
sitlrslip up to f15’. Tho vnriation of rudder force with 
siclrslip slioulcl be such that right rritldcr forrc slioiilcl I)c 
rrqiiirrtl to I io l c l  a rriddrr drflrction to tlic right of tlic trim 
j ~ o s i t i t ~ i i ,  nntl viw v r i w ~  If this rc*quircmcnt is met, the 
nirplim. will trntl to rrturii to zero sideslip wlirn tlic rutltlrr 
is rrlrnsctl. I k  rnulticnginc airplanes the dircctionnl sta- 
bility with rucldcr free should be such that straight flight cRn 
bc maintnincd by sideslipping, at any speed above 140 percent 
of thr stalling speed, with maximum possible asymmctry of 
power rniiscd by loss of one engine. 

Pitching moment due to sideslip.-The variation of rlc- 
vntor nngk nnd elevator forco 6 t h  sideslip mglo diorihl I)c 
ns srnnll ns possible. Requirements of different ngencies are 
somrwlint tliffcrent. Flight tests have shown that the 
pitt4iing niomrnts in sideslip should not bc sufficicnt to 
protliirc undcsirablc changes in acceleration if t L  elevator is 
left frrr. A tentative requirement is that the application of 
a riitltlrr forrc of 50 pounds shoiild not produce a change in 
normnl nccrlrrntion venter than 0.29. 

Side-force characteristics.-The variation of side forcc 
with sitlcslip should be such that left bank is rcquircd in lcft 
sitlcslips nntl vice vcisa. 

The Intern1 stnbility and control characteristics in stently 
sidrslips are considered in another section. 

DISCUSSIC OF EQUILIBRIUM OF AN AIRPLANE IN A STEADY 81DESLIP 

In a stendy sideslip the airplane flies straight with consthiit 
nttitritle nnd speed and must therefore be completely in 
eqiiilihriiim. In order to maintain this condition the rudtlcr 
is deflected until thc yawing moment is zero. The ailerons 
are deflccted to make the rolling moment zero and tho 
clcvatoi-s nre tlcflccted to make the pitching moment zero. 
Thr nirplnnc must bank so t l in t  tlir lateral romponcnt of 

gravity offsets tho nrroclynamic siclc force on the fusrlngc 
rniiscd by sitlrslip. Tho rclnt,ioii I)rt,mcen tlic nnglc of h i k  
ant1 tlir nnglc of sitlcslip rnny I)c tlrrivrtl I)y rrftwiiig to 
figrlrc 29 

IV sin +=C,.qS 

or for small niiglrs of bank 

(37) 

This wlation shows tlint nt low sprrds or high lift corllirirnts 
a Iargc nmorint of sideslip will 1)c rcquircd in combinntion 
with a smnll nngle of bank in a steady siclcslip. At high 
specd the nnglr of siclrslip corrcsponding to a given amount 
of bank is rc.tlurcd. The formula nlso shows that nn nirplnnc 
with a smnll nmoiint of sitlr nrca will linvc to siclrslip to lnrgc 
nnglcs for rrlntivrly small nmoiu~ts of Imtk in stcntly side- 
slips. If n n  nirplnnc is 1)nnlrrcl nntl ni t  rfTort, is inntlc to 
rnisc tlic low wing by usc of tlic rritldcr nlone, tlir flight p a t h  
of tlir nirplanc will continric to CIII‘VC townrtl tlir low wing 
until the siclrslip is siifficicnt to devrlop sitlr force on tlir 
fusrl~igc to offset tlic latrral componrnt of gravity. A 
large side-force coeficirnt is thereforr clrsirablr in ortlrr to 
minimize coiirsc chnngcs that orrur wlirn tlic nirplnnc is 
displaccd in roll by gusty air. 

TYPICAL DEFIClENCIE.9 IN  SIDESLIP CHAHArTERIRTICS 

Onc typc of tlificiilty frequently ciic~oriiitrrctl, known ns 
rucldcr “lock,” is really a condition of riitidrr-frcc directional 
instnhility that orriii~ at, Inrgo nngles of sitlrslip. This dim- 
culty is usually fouiitl to bc causcd by thc vertical tail stalling 

L 
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or emerging from the slipstream at large angles of sideslip. 
If an uirpluric is dircctionally stable with rudder free, left 
rudclcr force will be required to hold tlio airplane in R right 
sideslip, and vice versa. When a condition of rudder lock is 
uiicountcred tlic rudder flouts to a11 angle greater than that 
rt.quircd to hold the airplane in a stoutly sideslip, and the 
pilot must exert right rucltler force to return tho rudder 
lownrtl l i ~ l l t r d  wlreri tho uirpltine is in R right sideslip, and 
vice versa. This condition niuy be very dangerous on a 
Iurge uirplane becuuse tlie rutltler force required to push tlie 
rudder from its stops ant1 start it  turniiig toward neutral 111ay 
exceed tlio streiigtli of tlie pilot. 

Diwctioiiul iiistal)ility a t  siiiull angles of sideslip is some- 
times cncountcrccl, cspwiully iii the flap-up coiidition at  
high uiigbs of attuck It is sonietiriics cuusod by tho vertical 
tuil opiwting in the wuko of tlie fuseluge. This type of 
iiistsbilily ~nitlws i b  very clifliciilt to lioltl the airplane on the 
tlcsirctl course, cspc&lly in ~n~~neuver s  in which high angles 
of ut twk  tire rcwl icd  UL liigli spcrcls. Luck of directioiiul 
stul)iIity at srnull aiiglcs o f  siclrslip inay be tlangeroirs iri 
flight at high speeils bccuuso hi accelc~rutccl rolling ~~~aneuve i s ,  
in wliirli the uirplimcb is sul)jec*tccl to large yuwiiig moments, 
angles of sitleslip may build up sulticiently LO exceed the 
tlcsign loud of the vertical tuil. 

Ncgative tliliu(lrul cffcct muy be encountered in flight a t  
low speed with power 011, especially in tlie flaps-down condi- 
tion, cven tliough tlio airplane may have positive dihedral 
pffect in liigli-speed flight. The causes of this condition are 
tliscussed in subscquent sections. Negative dihedral effect is 
untlcsirable, but it is not considered to be a dangerous condi- 
tion proviclcd tlint the aileron control is more than adcqiiatc 
to Iioltl up tlic lwtling wing iii a sideslip with full rutlder. 

CONTHIUUTIONY OP VAMIOUS AIRPLANE COMPONENTS TO TIIE 
DlHlWTlONAL STABILITY 

Directional stability of the fuselage.-The variation of 
yawing moment with sicloslip for a fuselage is clifficult to 
predict bi~uuse of tho irrcgulur sliape of the fuselage. The 
effect of tlic frrschge cwiiiot be ncglected, however, because 
i t  iisually coiitril~itcs u large unstable vuriution of yuwing 
inoment with si&slip. Tlicorcticul attempts to predict tlic 
clirec.tionu1 instiibility of the fuseluge liavo been based on 
calculutioiis of the yuwiug inonleiits on ellipsoids in an ideal 
fluicl. T l i c .  flow ur~oui i t l  1111 ellipsoid in an ideal fluid doe0 not 
simulate the flow iirouricl an uctiiul fuselage and for h i s  rea- 
sou tlic t l i c~or t~ t  ivul dculet ions exaggcrute tlic directional 
instul)ility. Tlicw culculutioiis do sliow that the directional 
stubilit y of tlic ftisclegc? dcpciids 1~rincipully on its tlimensioru 
us SOCII in tlie side view and cloes not depend to uiiy large 
extent on its tliickucw. Since yawing moments of fuselage 
sliiipcs ure frqu(*ntly prcsciitctl in tlic form of yuwing- 
nioniciit c*ocffic*ic.irts I J U S ~ ~ I  on  lie fusckge volu~ne, cur(! 
shoulcl bo tul,cri 1 0  convert tliese results to the I)usis of siclo 
cliinc~nsioiis wlicn t h y  ure applied to prediction of tlic mo- 
rnciits 0 1 1  t i  I)otIy with cliifiwiit cross-sectioiiul sliape. In 

order to predict the directional stability of an actual fuselage, 
wind-tunnel-test results for a similar fuselage sliape arc 
preferred. Wind-tunnel results are frequently preseiltecl as 
the variation of aerodynamic forces and moments with angle 
of yaw, ratlicr than angle of sideslip. Angle of yaw is clefincd 
as the angle of tlie longitudiiial axis of the airplunc with 
respect to a fixed direction, WliCrCRS angle of sideslip is tlic 
angle of the longitudinul axis with respect to tlio direction of 
tlie reletive wind. For an airplane in straight flight or in a 
wind tunnel, t l i u , n n g h n t y E  is_ equal to the negative of the 
angle of sideslip, and the two angles may be used inter- 
changeably. When any type of maneuver involving turn- 
ing is analyzed, however, the two angles must be consitlerecl 
scparutcly. In the prcsent paper tlio term "angle of side- 
slip" will tlicrefore bo used in the text wlicn the angle with 
rcspect to tlie relative wind is being considered. Sonic of the 
figures prc!sonting wind-tunnel (lata, however, are given in 
~erins of angle of yaw in accordance with usual wind-tuiinel 
practice. 

Oiie of the fuctors contributing to tho problem of rudder 
lock is the fact that the unstable yawing momcnts from tho 
fusc!lage uiid propeller continuo to incrense when large anglea 
of sicloslip are renchd, whereus the stubiliriiig ef€oct of the 
vertical tail may decrease when it stalls or emerges from the 
slipstreain. Figure 30 shows the variation of yawing moinenL 
with angle of yaw for an isolated fuselage with circular cross 
section. The effect of small fills added 011 the rear part of 
the body is also shown. The addition of fins makes the 
fuselage very stable at large angles of sideslip though it docs 
not affect the instability at small angles of sideslip. 

Propeller yawing moments.-A tractor propeller gives an 
uiistuble variation of yawing momcnt with sicloslip bocuuse 
it  beliaves like u vertical fin located ahcad of tlie ccntpr of 
gravity. The instability contributed by the propeller niuy 
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be accnrately estimated from thcoreticnl calculations of the 
clirrct propeller forces, such as those given in reference 9. 
The propeller also affects the flow conditions at  the vertical 
tnil and so influences its contribution to the directional 
stability. 

Wing yawing moments.-The variation of yawing moment 
with sidcslip for the wing is gencrally small. A wing with 
positive gcometric dihedral will give 8 slight drntabilizing 
effect hrcause of the influence of the lift force on the yawing 
moments. The rrason for the unstable variation of ynwing 
morncnt with sideslip is shown in figure 31. Tho lift vectors 
are drawn perpendicular to the relative wind and perpen- 
dicular to the surfnce of the wing. Yawing momrnts con- 
tributed hy the indnced drag in a steady sideslip arc small 
because the ailerons are used to balance out the rolling 
momrnt and hence trnd to equalize the lift on thc two sides 
of the wing. For conventional designs the contribution of 
the isolatrd wing to the directional stability is very small, 
hiit it may 1)ccome important in the case of taillcss nirplancs. 

Yawing moments from the vertical tail.-The vertical tail 
is tlcsignctl to overcome the unstable yawing moments con- 
tributed by the propeller, wing, and fuselage. The yawing 
momrnts produced by the vertical tail may bo cstirnatwl 
froni thc following formula: 

In practice the quantities rntrring into this formula are 
clifficiilt to Fstimatc accuratrly. l'he principal sonrce of rrror 
is tlir cletcrmination of the area and rffrct,ive aspcct ratio of 
tLr +crt,ical tail. Inasmuch as tests have shown tJint the 
portion of the vertical tail located bchind the fusrlage con- 
tributes vcry l i t tk  to t>he dircctiond stability, it ccpprays 

I 
FIOI.HL 3l.-iiln.-tration of mum of unstable rnrlatlon of puwlng momrnt with sidrsiip lor 

n rinr with dlhedrul. 

I 

dcsirablr to bnse thcsr quantitirs only on tlir portion of the 
vertical tail locatrd al)ovc the frinrlngr. T l i ~  nspert ratio of 
tlic- vrrtical tail sliorilcl Iw inrrrasrtl by a fnrtor ranging in 
vnliio from 1.2 to 1.5 to tnkr into arrowit t l i c n  rnd-platr 
rBrct of the horizontal tail. 'l'lir sidcwnsli and dynamic 
prrssurr a t  tlie vrrtical tnil must nlso hr cstimatrd. The 
sitlrwnsli and dynamic prrssrirr tlinL mist in  tlir propcllrr 
slipstream may be drterminrtl from vnrioiis tlicorctiral or 
rxperimcntal data. Iiitrrfrrrnrr rffrcts froin tlir wing and 
fuselage also liavr a largc rffc-ct on tlir sidrwnsli and dynamic 
prcssrire a t  tlic vertirnl tnil. Tlicsr rfferts are clisrrissed in 
reference 25. Wind-tunncl tests havr shown that a favorable 

sidewash factor - as large as -0.4 may exist for low-wing 
airplanes. On thr otlicr hand for high-wing airplanrs an 
unfavorablr sidcwnsli factor of 0.6 hns Iwrn inrasurccl. Tests 
of powered modrls of actual airplants have grncrally shown 
much smallrr sidrwasli effects. Tlir avrrngr favorable sitlr- 
wash for low-wing modrls srrins to Iw approximntely -0.1, 
to which the proprller sidrwasli shoul~l Iw ntltlcd. T h o  
dynamic prrssrire a t  the tail may Iw assiimed equal to that 
in the propeller slipstrenm for nirplnnrs with clrnn canopies, 
but for airplanes with poorly shnprd rnnopics tlir vrrticnl 
tail arca in tlir wake of tlir canopy mist Iw nssritnrcl to be 
rclativcly ineffective. 

3 V  
bS 

DESIGN CONSlVRRATlONS FOR PREVENTION OF RUVVER W C K  

'rho yawing moments contributed by the fuselage, pro- 
prller, and vcrtiral tail may inrrcnse with sidcslip somewhat 
RS shown in figure 32. The yawing moment given by the 
tail dow not incrrnsr hyond  nhout 1 5 O  sidcslip ~ C C R I I R C  the 
tail rrarlirs the stall nnglr nnd Also cmrrges from tlir slip- 
stream, wlirrcns tlir yawing momrnts givrii by tlir propcllrr 
and fusclage continne to incrrnsr nll tlir wny to about a 4 5 O  
angle of sideslip. For this rrason tlic nirplnnr may becomr 
directionnlly unstable a t  large anglcrc of siclrslip even with 

- Toiaf 

_- Tail s fd ls  o r  emerges 
from slipsfreom \ I  

I I I I I 
10 20 30 40 50 

Angle of yaw, deg Right 

FIWRE 3Z-Vuriulbn with ridrslii> or thr J'awln moments ronlribuled by thr rirntvlkr, 
los~iat!e. and rcrllral tail  lor u sing%w(riiie trnctor nlrplnnc. 
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tlic rutlder fixcxl. With rudder free tlie directional stability 
will be further decreasotl because wlien the vertical tail stalls 
the rirddcr always has a large tendency to float with the 
relative wind no nmttcr what type of balance is used. (See 
refwenc*c! 26.) A lurgct amount of clircctional stability must 
be ~ c l d o c l  ut Iurge unglos of siclmlip so tliut the rucltlcr doflee- 
t.ion rcquirecl to lioltl the airplane in u steady siclwlip will 
excwcl tlic angle to wliich the riiddor tends to flout. One 
nictliocl of making the fuselage stable a t  large angles of 
sitlrslip was pointed out previously in the discussion of 
fuselagc yawing nionicnts. This method consisted of the 
addition of sniull sliarp-edge fins along tlic rcur portion of 
the fuselap. Tliese fins, known as dorsul or ventral fins, 
Iiuve i)roved very successful in eliniinuting rudcler lock 011 

niuriy t ~ c - t . 1 1 ~ 1  uirplaiics. Anotlior motliocl tlitrt lius 1)ecn 
proposocl LO prevent ruclcler lock consists of plucing vertical 
tuil surfuccs u t  tlm tips of tlie Iiorixontul tuil. 'I'Iiose surfuacs 
toiitl to prcs~wc: t l i c  t1irec:tionul stihility up to larger ung1:les 
of sid(dip I)eca~iisc! tlioy roiiiuiii ill tlic: slipstrt*uni longer. 
Wind-tiiniwl t c s k  showing the cffc!ct on the yuwiiig inoriiciits 
of tlo~.sul fins uncl of wid plutcs on tlie horizontal tuil of 11 

typical single-cngiiie fighter airplane are shown in figure 33. 
Note that tlie c~irves pass tluougli zero because of tlie usu 
of contrarotating propellers. With single rotation, tlio 
ciirves for power-on conditions are displaced a t  zero sideslip, 
and thus rudcler-force reversal is caused at a still smaller 
angle of sideslip in one direction (normally in riglit sideslips). 

Requirements.-The dihedral effcct as indicated by the 
variutioii of aileron angle with sideslip in steady sideslips 
sl~ould be sucli that up aileron is required on the leading wing. 
'l'h vuintiori of ailoron aogle with siclcslip slioi~ltl bo ap- 
proximately Iincur. 'I'lie variation of aileron force with 
sicleslip angle should be such that the stick will tend to 
return toward it.s trim position a t  zero sideslip when it is 
released. Tliis requirement is equivalent to stating that the 
dilicdral cffect sliall be positive with stick fixed or stick free. 

DIHEDUAL EFFECT 

.-With dorsd fin 

I 

Approximote propor+iorw of 
added areas 

I 

-.02 t 
I , J 

-40 -20 0 20 40 
Angle of  yow, de9 

Tho maximum allowable dihedral effect is specified in- 
directly by the following requirements: 

(1) When the airplane is displaced laterally and the con- 
trols are released , the resulting oscillation shoulcl (lamp to 
one-half nmplitucle in ICS than 2 cycles. 

(2) The rolling vcdocity in a roll inado with rucldrr fixcd 
sliould never tlccrease to zero ua a result of tlie siclcdip pro- 
duced in tlic roll. 

The foregoing requirements for the muximuni ullowable 
dihedral effect are rather lenient and a more severe require- 
mmt should possibly be provided. Some airplanes with 
lurge dilicdrul effect arid low directiorial stability huve proved 
ol)jectionuble because of the violence of blie rolling motion 
caused by small movements of the rudder in liigli-speed 
flight. k'iirtlicr research is required before a clefinitc: rcquire- 
nicvit (*an Le iormulukl to cover this condition. 

Definition of effective dihedral.-The geometric dihcwlral 
ungle is clrfinrcl as the angle, as seen in  tlie front view, botween 
tlio wing ~)an(~Is of an airplaiiu and the spuiiwise uxis of the 
uirplune. Tlie cbffective clilicdrul angle may cliffcr from Llio 
geometric cliliedral angle because of tlic interforeiice efFects 
of the fuselage and propeller slipstream. The effective di- 
lictlral of an airplane is defined as tlie number of degrees 
of geometric dihedral that would be required on an isoluted 
wing of the same plan form to give tlie same variation of 
rolling-moment coeficient with sideslip. The effective di- 
licdrul is taken on the basis tliat it is constant from tlie root 
to the tip of the wing. Thus, a wing with tips up turned 
at  a 45' angle might have about 10' effective diliedral. 

The variation of rolling moment with sideslip per degree 
dihedral for wings of various plan forms and aspect rutios 
lias been determined theoretically and may be obtained from 
various papers, such as reference 27. For an aspect ratio 
of 6, 1 ' of dfective dihedral corresponds to a value of -'I 
the variation of rolling-moment coefficient with sideslip angle, 

Influence of wing location, power, and sweepback on 
effective dihedral.-Ordinarily a high-wing arrungeme~it has 
about 3' more effective diliedral than geometric diliedral. 
A low-wing arrangement has about 3' less effective tlilicdral 
then geometric dihedral. 

The effective dihedral on a tractor-type airplane frequently 
dec*reases with tlic application of power. This condition is 
most marked in the climbing condition with flaps down a t  
low speeds because in this condition the ratio of dyiiamic 
pressure in the slipstream to free-stream dynamic pressure is 
Iiigliest. The reason for the decrease in effective diliedral 
with power is illustrated in figure 34. The clccrense in 
diliedral effect is caused by the additional lift developed by 
 lie trailing wing when the slipstream, which is tlcflrcted in 
the sideslip, coveis a larger area of that wing. The lift 
results in a rolling monient tending to raise the trailing wing. 
Because of tlie increase in the thrust coefficient as the speed 
is decreased, the effective dihedral in power-on conditions of 
flight becomes progressively more negutive (unstable) as 
the lift coefficient increases. 

bC 
w 
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i m 
Lope increase in tiff on fraihnq 
wing caused by increased ftqp 
area in slipstream 

Rotting moment So teff 

FIOVRF 34 -1llsstrntinn of unstable dihedraleflect mu6d by power (traelnr-t>tw nlrplnnc). 

A WiJig with sweepback is found experimentally to have a 
positive clilirtlral effect that increases in proportion to the 
lift ,  eorfficirnt. This rffrct may be used to offset thedrcrensc 
in clilicdrnl rffrct due to power. A typical example of the 
variation of rffective tliliedral with lift coefficient for n ~ i  
airplanr i n  the power-on condition is given in figure 35. 
The beneficial rffect of a relatively small amount of swcep- 
back in avoiding negative dihedral effect at high lift coeffi- 
cients is shown. With flaps down sweepforward or sweep- 
back of tlir hinge line of the flaps rathrr than the quarter- 
chord line of the wing sections is the important factor in 
determining the dihedral effect. The difficulties encountered 
with large posi tive dihedral effect in high-speed flight have 
h e n  mentioned previously. It is therefore very drsirahle 
to reduce as much as possible any increase of dihedral effect 
with incrensing speed. Experiencr has shown that nrgntive 
dilierlral rffrc*tl a t  low sprcds is lrss srrious thnn excrssivr 
positive tlilieclral effect a t  high speeds. Though swrcpbacak 
is brnrfirial in offsetting the tlrcrensr in tlihetlral effect due 
to powrr, swrrpback of a wing even in small amounts is 
iisunlly t lr t  rimrrital to its stalling characteristics. 

The use of a large amount, of sweepback (that is, 30' or 
more) on jet-propelled nircmft for the improvement of 
performanre a t  transonic and supersonic speeds gencrallg 
produces very large positive dihedral effect a t  high lift 
coefficients. The increase in dihedral effcct with lift co- 
efficient and with sweepback may be estimated qualitntivcly 
by cnlcnlating the lift on tlie left and right wings on tlie 
assumption that the componrnt of velocity normal to the 
leading edge is responsible for the lif t  of the wing. The 
predictions based on this theory are in fair ngreemcnt with 
experiment so long as the flow on the wing remains unstalled. 
With largr sweep angles, however, flow separation may start 
at relatively low angles of attack, and the cliliedral effect oh- 
tnined under these conditions incrcnses with lift coefficient less 

0 t. 0 2.0 
Liff coefficienf, CL 

F~CWRE 38.--Eflect or a rnderetc nmnrint of sweephark nn the vnrlatlnn olellectire dihcdrn 
with lift ccrllldcnt. Slnelecnglnc trnetnr alrplnne; porcr-on mnditlon. 

rnpitlly thnn predivtrcl by the theory. Tests of swrptbnc-k 
wings with diarp lrading edges have shown thnt tlic dihedral 
effrrt chnngrs from positivc to negativr valncs at, moderatc 
lift corffieicnts, as a result of stalling of tlic lending wing. 
Quantitative (lata on thr dihedral rffect nntl other aero- 
dynamic characteristics of swept wings mny bc found in 
reference 28 and mnny other papers. 1Tigh dihedral effect atf 
high lift coefficients or low flight spcetls is not so objectionable 
as it  would be a t  liigli speeds, and accept able flight character- 
istics may be obtained provided that the directional stability 
is also fairly large and the aileron effectiveness is normal. 

Measurement of effective dihedral in flight.-Froni the 
vnrintion of aileron angle with sideslip mcasnred in steady 
sideslips the vnriation of rolling moment with sideslip or tlie 
tlilirdrd erect mny be dctcwninccl, providrcl t l in t  thr 
vnrintion of rolling-nioiiic.iit, eorfic-irnt with ailrron tlc.flection 
is I~nown, by mrans of tlir formula 

(39) 

The vnrintion of rolling-moment corfiioirnt with nileron 
angle may be obhined from flight measurcmcnts of thr 
rolling velocity by means of the formula 

The clnmping in roll C,,, may be obtainecl for wings of vnrioris 
plan forms from throretical calcnlntions. Thr value of Cl,, is 
between 0.4 and 0.G for unswept wings of norm111 nsprct 
ratios. 
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AILERON CONTROL CHARACTERISTICS - 
HE(~UIHEMBNTY FOH SATISFACTORY AILEHON CONTROL 

Early research on lateral-control devices was concerned 
iiiiiinly with improvement of the lateral control of the 
nirpltinc beyond the stall. Attempts were made on tlie basis 
of tliis work to set up requirements for satisfactory aileroii 
control characteristics. One proposed criterion stated that 
tlic ratio of rolling-moment coefficient to lift coefficient 
sliould exceed n certain value. This criterion would in 
cHect require an airplane to have a rolling velocity that 
varied invciscly as the airspeed. Measurements of flying 
qualities of numerous airplanes have sliown that a criterion 
of tliis type does not conform to the pilots' opinions of 
silt isfactory rolling pcrforiiiance. With conventional ailerons 
the rolling vclocity obtaiiied with a given aileron deflection 
incrcascs in proportion to tlie speed. The reason for this 
increase is tliiit the ailerons introduce an effective twist into 
tlic wing tliat causes tlic airplane to roll essentially on a 
geometric lielix. In  a steady roll with a given aileron 
deflection, tliercfore, the airplane always rolls tlirougli the 
same angle of bank in traveling a given distance no matter 
wlint tlic airspeed. 

Tlie concept tliat the airplane describes a lielix when it 
rolls has led to tlie practice of specifying the rate of roll in 
terms of the liclix gcmmted by tlie wing tip. Tlie tangent 
of tliis liclix angle is given by tlie expression pb /2V as sliown 
in figure 36. In practice yb /2V is of tlie order of 0.1 or less 
so that it is sufficiently uccurate to consider the tangent cqunl 
to tlic nnglc cxprcssed in radians. For tliis reason, pb/2V 
is gcwcdly cnllcd tlie Iic*lix angle. 

l'liglit tcsts of niinierous airplunes liave sliown tliat pilots 
dciiiaiid u Iiiglicv rolling vdocity as tlie speed is incrcmcd i ~ i i d  

they also require t l id  a sindl airplane sliould bo able to roll 
faster tlluii a lergrr uirplaiio. These observations lead to 
the conclusion that tlie rolling ability of any airplane will 
be coiisielcrcd satisfactory by pilots if the valuc of pb/2V is 
greater t l im a certain amount. Tests liave shown tliat tlic 
rolling ability of an airplane is considered satisfactory wlieii 
tlic value of y b / 2 V  cxceecls 0.07 radian. (See reference 29.) 
This criterion is consislcnt with logical dcsigii of tlie airplane, 
~ C C ~ I S C !  gcoiriet ricalfy similar wing-aileron arrungeinen ts of 
different sizes with a given aileron deflection will liave tho 
same helix angle intlepcnclcnt of size or airspeed. If a givcii 

rolling velocity were required to salisfy the pilots, tlic uileroii 
proportioiis would liavc to increase rapidly will1 tlie sizc of 
tlic airplane. 

With an aileron control system in wliich the ailerons are 
directly linked to the control stick, the pilot is generally 
unable to obtain full deflection of tlie ailerons abovc some 
clefinite s p e d  because the stick force required becomes too 
large. For nonniilitary airplanes the requirements statc 
that full aileron deflection should be obtainable witli 30- 
pound stick force or 80-pound wlieel force up to 0.8 times tlic 
maximurn level-flight speed. Combat experience witli mili- 
tary airplanes lias empliasized the importance of rolling 
ability in both normal flight and liigli-speed dives. Tlie 
present Army and Navy requirements, therefore, specify 
that largo values of pb/2V or rolling velocity slioultl be 
available up  to the maximum diving specds of fighter-type 
airplanes witli the stick force not exceeding 30 pounds. The 
Army and Navy requirements also specify a value of pb /2V 
considerably greater than 0.07 for low-spced or cruising flight 
in order to provide for rolling ability greater tlian tliat desired 
simply on the basis of satisfactory liaridling cliaracteristics. 

In  addition to the previously stated requirements for 
aileron effectiveness and stick force, the following require- 
ments must be satisfied: 

( I )  The aileron force and rolling velocity should vary 
approximately linearly with aileron deflection and tlie stick 
force should be sufficient to return the control to neutral 
when tlie stick is released. 

( 2 )  Tlie rolling acceleration should always be in the correct 
direction and should rcacli a maximum value no more tlian 
0.2 scc.oncl ufter tliu ailc~ons are tlcficctetl; this rcquirement 
lias always been met by coiivcntional ailerons but wrtaiii 
typcs of spoiler ailerons liavc proved tinsatisfartory ~~ecausc  
of excessive lag or initial reversal in tlieir action. 

TYPICAL AILEUON CONTUOL CHARACTEUISTIC8 

If tlie ailerons are suddenly deflected, a n  airplane orclinarily 
reaches its  steady rolling velocity very rapidly. For tlris 
reason only the steady rolling velocity is considered in the 
requircmcnts for ailcron effectiveness. If tlie ruelc1c.r is liclcl 
fixed during the roll, tlie rolling velocity may tlecreasc after 
i t  reacliea tlic maximum because of the sideslip dcvelopccl 
during tho roll. Any sidcslip in conjunction with tlic 
diliedral effect of tlie airplane introduces a rolling moment 
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opposite to tliat given by tlie ailerons. If the rudder is usrd 
to mnintairi zero sideslip, the rolling velocity may contintic 
to incrense during the roll because of the rolling moment tliie ’ 
to yawing velocity. Typical time histories of ruddw-fixed 
rolls are given in  figure 37. Although in normal flight the 
rudder is coordinated with the ailerons to avoid excessive 
sideslipping, tests for aileron control characteristics are 
usunlly made with the rudder fixed in order to obtain a 
maneuver tlint cnn be reproduced. 

The varintion of aileron effectiveness with speed is ordi- 
narily similar to that shown in figure 38. This diagram 
sliows that with a rigid wing a constant value of pb/217 
should be obtained a t  all speeds with full aileron deflection. 
In  practice, however, the ailerons canse the wing to twist in 
such a way as to reduce the rolling velocity, until at some yery 
high speed, known a.9 t81ie aileron reversal speed, the wing 
twist completely offsets tho effect of aileron deflection and 
the ailerons f n i l  to produce rolling velocity. The aileron 
reversal spced should, of course, be well above the maximum 
diving speed of an airplane. A method for estimating the 

Ttme, see The, sec 
(n) 140 mihs wr hour. (b) 200 miles per hour. 

FIGIIRR 87.-Tirne histories of typical rudder-tlxcd alirron rolls in a medium-homher alrplnae. 

aileron reversal speed is given in refwenre 9.  Figrire 38 
also shows that some loss in aileron effectivc*nrss may be 
expected mar  the stall becaiisr of r~cl  wtion in the rolling 
moments given by the ailerons and 1)emuse of the incwasrd 
sideslip reached in rolls at low specd. With a given stick 
force the pilot can fully deflect the ailcwms up to soine definite 
speed but a t  higher speeds the aileron drflection is reducrcl 
because of the high stick forces, hence the value of pb/2V is 
reduced. This reduction is illustrated in fignrc 38. 

With a given aileron configuration and conventional types 
of aileron balance, the aileron performnn~e at low spced may 
be improved at the expense of high-speed charac-teristics by 
increasing the aileron travel whilc keeping the same stick 
travel. Conversely, the aileron effectiveness at high speeds 
may be improved a t  the expense of low-speed rolling ability 
by decreasing the aileron travel while keeping the same stick 
travel. Thcse effects are shown in figure 39. With increased 
aileron travel. the value of pb/ZV for full aileron deflection 
is increased but the speed above which the pilot is unable 
to obtain full aileron deflection is reclucecl because of tlir 
reduced mechanical advantage of the stick over the ailerons. 

CALCULATION OF ROLLING EFFECTIVENESS 

The value of pbFV attainable with a given aileron deflec- 
tion and with given wing and aileron dimensions can be 
calculated accurately enough for design purposes. Tlie 
rolling velocity may be estimated within about f 10 percent 
for conventional types of ailerons in unstalled flight. The 
calculation is based on the assumption that in a steady roll 
the rolling moment due to the ailerons is equal to the damp- 
ing moment in roll 

The damping moment is caused by thc increased angle of 
attack on the downgoing wing and the reduced angle of attack 
on the upgoing wing. Formula (41) shows that this moment 
is proportional to the helix angle, the dynamic pressure, aiid 
tlie product of area and span of the wing. If formula ( 4 1 )  
is exprcssctl in coellicirnt form, the followi~ig result is 
ob tainecl: 

Reduction due to ,,.Full oileron deflectibn, f I ( sideslip ,/ rigid wing 

_,.... Full oileron deflection, 
acfuol airpkme 

(vorying stick force) 

30 I&....’\ 50 lh\ 
\\ 

i i * I lndicaied oirspeed - 
I 

StOll Moxiinum Reversal 
dwing speed 
speed 

FKWR& 38-Typical variation of allcron effectiveness with speed 
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I-\ deflection; .I , or;g;na/ aileron t r a v e l  

,Reduced ai/eron t r a v e l  

.. m 
30 lb stick force'--- 

e 
0 

lndicoted oirspasd - 
FIG~JIIK 3U.-Ellccl 01 elianging aikrun tmvc! whik krx inp mnie slick truvsl on the 

v;rriarioii ul aileron effecliveness wilt s w d .  

Tho tliinipiiig-iiioiii(!iit coefficient Cb is a function only of 
the wing plan form. Its vuluc has been calculatd tlreorcti- 
c;illy tint1 iniiy I)c fount1 i n  rcf(wmcc 27 as a function of wing 
iispt'ct ant1 talwr riitios. 'l'lie valuc of yb /2V may l)e readily 
c~r i l cu l i i t cd  i f  t l i o  tiilt!ron lolliiig-iiioinciit coc#icic!iit is known. 
'lliis quaiit,ily niiiy be clotc!riiiinctl from wiiid-tuniicl t.esLs or 
iiiay be dct,c:rniinctl with equal accuracy from tho aileroii 
clinicnsioiis by llie following procdurc. Tlic aileroii rolling- 
I K ~ O I U C W L  corfficticwt nitiy be cxprcsscd in tlic form 

(43) 

where the coeficieiit CI, is equal to and tlie value of T is 

the rtitio of tlic viirii~tion of scction lift cocfficiont with nileroii 
~Ic>iIc.ct ion t o  111~. vuriation of section lift coefficient with 
i ~ ~ ~ g l e  of tittrick. Notice that 1\10 symbol T is ccluivalciit to 

t l ~ c  syinbol E ust~tl i n  rcfcrc~nce 27.  Tlic valuc of - rcpro- 

swls the rtilliiig-iiioiii~i~t cocfficient tliut wauld bc given by 
u wing if tliu spruiwise part tliat includes the ailerons were 
twislcvl 1 rutliiui. \ V h i  this quantity is multiplied by 7 ,  

I lie ro l l i~ ig-~~io~i i i~~i t  codficient is reduced to correspond to 

1 riitliiin of riilcbron tlc4cction. The value of - may be found 

in rcfwmcc. 27 11s a function of tlie wing aspect and taper 
riitios t int1 of the spanwisc location of the aileron. Tlic value 
of  T niay be o1)tuiiiecl from section data but more accurate 
rulculutions may bo made by computing from values of 
yb /2V measured in flight a value of T for ailerons of a type 
similar to those under consideration. A somewliat more 
cwwt procctlure for calculating the value of pb /2V is given 
in refcrcmcc 9. 

as. 

AMOUNT OF AII.EItON UALANCE REQUIRED FOR SATISFACTORY 
c t4 A l l  A C T  EnIsrIc:s  

Tilc following cxiiinplc illustrates the degree of acrody- 
naniic baliiiicc rtyuirccl for ailcrons on airplanes of various 
sizes. Coiisitlcr u figlitcr-type uirplane with tlic dimensions 
sliown in figurr 40. Tlic value of yb/2  V rcuclied with f 15' 
ailcron clcflcct ion niuy 1 ) ~  calculatecl us follows: l h  20- 
percent-cliortl plain idorons, assunie tlitht ~ = 0 . 4 .  Vroin 
fcrcrc:11co 57:  

Cip=O.4G 

!?!!=0.3 
7 

From forniula (43) 

15 Ci4=-- 57.3 (0.3) (0.4)=0.0314 

From formula (42) 

The stick forces are calculated by assuming that plain ailerons 
with no aerodynamic balance are used. Tlie following 
typical values ure assunied for the hinge-moment parameters: 

o h c =  -0.007 

Cn,= -0.003 

Assume 9 inclics stick travel is required to deflect each aileron 
15'. Tlie force rcquirctl per aileron is tlien cletermiiictl from 
the aileron hinge moincnt as follows: 

FA X.=HAS. (44) 

F=0.35H 

Tlie hinge moment is given by tlie equation 

II= ( AaCh. + A6.Ch8) pb.ca2 (45) 

wliere AU is the diunge in angle of attack a t  the aileron caiiscd 
by tlie rolling velocity. This cliungc in angle of attuck u t  tlie 
wing tip is eqnal to tlic value of pb/2T.'. Tho cliange in  
anglu of attack at any point on the aileron may bo calculated 

40' 

PI~I IHK IU.--Airl)bne dinlenslons used in exoniplc lor ealcululion uluileroli cunlrol ellaructcr. 
islies. T ~ I P K  mllo. 0.6; ns(oct rstlo, (i; aileron root-mcun-square chord, I loot; aikrOn 
travel, f15'; and stick travel, f9 inelies. 
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26' 
b l)yniriltiplying~,b/2T'by tlir rntio - 7  where b' is the clistnncc 

from tlic longitutlinnl nxis to this point on tlie nilrron n n t l  b 
is tlic wing span. hlore complrtc niinlysrs, sricli as tlint 
givrii in reference 1 1 ,  have sliown that a point ticar tlir in- 
bonrtl end of the ailrron slionltl be used to give tlir best 
nvcrnge nirnsrirr of the angle-of-attack clinnge. 

In tlic present example 

28 =(0.068) 3-0 

=0.048 rnclinn or 2.8O 

where 6' is the distnnce from the longitriclinnl nxis to n point 
on nilrron 0.7 foot from tlic inbonrd eiitl. From rqun- 
tion (45), the hinge moment on the frilly tlomrirvnrcl 
cleflec*ted nilrron is 

TI=[(-2.8)(-0.003)+ 15 (-0.007)] p (6.7)(1)* 
= -O.O0077I'* foot-polilitls 

wlicrr 1' is i n  feet prr second. 
Tlir vnrintion with nirspred of stick force to tlrflcct two 

nilrroiis is therefore as shown in figure 41. With phin niler- 
oiis, frill deflection cnnnot be renclirtl with 30 pounds stick 
forcr nbove 158 miles per hour. Above this spcrd, tlir tlc- 
flcctioii niitl hence the value of pb/2TT vary invcrsrly ns the 
sqrinrr of tlir speed. 

In order to meet the prrsrnt Army or Navy reqriirrnirnts 
for nilrron control at  high spred, tlic nilrrons on nil nirplnnc 
of this sizr woriltl have to be ncroclynnmicnlly 1)nlnncrtl to 
retlrirr tlic hinge moments to ahorit 1/3 of those for n plain 
nilrroii, rvcii with tlie f l f i o  deflection range that wns 
nssrimrcl. The nileron cleflectioii range woiilcl, Iiowrvcr, 

I 

6OC 

'30 lb (maximum desired] 

FUN deflec fion ... 

--- 
Indicated airspeed, mph 

FinliKP: 4l.-Vnrinlion 01 stick form nncl nikroii drflrction with rlrrcl for Rirelnne 
uwd N rxuniiile. 

hnvc to br inrrrnsecl to f 19.5O to nirrt tlir low-sprrtl re- 
qriirrmriit, of a vnlric of pb/2V of 0.09. 7'hr ~ncc~liniiicnl 
ndvnntngr of tlir roiitrol stirk woriltl tlirrrforr br rrtliirctl 
nntl thr Iiingr rrio~nriit~ for f i i l l  c l r l l r t ~ t  ion i i i c w n s r i l  n i i t l  n still 
c*losrr tlrgrrc of 1)nlniicr woiilcl be rrqriirrtl for stit isfnctory 
Iiigli-spcrtl clinrnrtcrist ics. 

Consitlrr nrxt n large bonibrr of 240-foot spnii, nsstiriirtl 
to hnve n wing-nilcroii nrrnngrmrnt gromrt ricnlly siniilnr to 
tlint of thr fighter nirplnne tliscrissrcl prrvionsly. If n stick- 
type control is nssumrd, tlir mrchnnicnl ntlvnntngr of tho 
stick ovrr the nilrrons will rrmnin tlir snnir. If phiti, rin- 
1)nlniicrcl nilrrons nrc ngnin nssr i r i i r t l ,  the oiily qiiniit ity in 
tlir rqrintions tlint clinngrs is tlir product b.raZ. This clrinn- 

tity is multiplicd in tlir rntio (%>" or 01 w1iivIi rqnnls 216. 

By rise of n wlirrl-type rontrol, tlir pilot's Inrc-liniiic.nl ncl- 
vnntngr may be incrrnsrcl nl)orit 60 prrevnt, so thnt the 

forcrs would bc mriltiplicd by i;Go or 135. 'h ortlcr of ning- 

nitriclc of tlir wlirrl forcw is iiiclicntrtl in figiirc* 42. 
A very close tlrgrrr of I)nlnncr of tlir nilrrons (npprox. 

rcqriirctl to rcdricr tlir wlirrl forcrs to nccrptal)lc limits. In 
prncticr, this drgree of bnlanro is iinnt tninnl)lr brcnrisc minor 
tliffrrrncrs in thr contouw of tlir ailwons, witliin procluctioii 
tolrrnnccs, cnii cnrisr vnrintioiis in ('ha niicl <'hc of ~I~0.0005. 
Sonic typr of wrvo or Imostrr control is tlirrrforr rtyriirrtl 
for ntlcqrintc control of nn nirplnnr of this sizr, or ovrn for 
onc of coiisitlcrnbly sninllcr sizr. T11r nilrroiis slioiiltl I)(. 
nrroclynnmicnlly bnlnncrtl n s  fnr ns possil)lv, wliilr n tlrfinitc 
forrr grnclirnt is still mnintninrtl, in ortlvr to rrtlricc tlic 
powrr rrqiiircnicnts for tlic boostrr. 

216 

f?ha= -0.00014 nl ld  ('~m=o.OOooo, for ( ~ X t l l l l ~ ) ~ t ' )  Wotlkl bc 

NOTES ON AILERON RAIANCE. FRlSE AILERONS. AND SPOII.ERR 

Tlir rxnmplc givrii prrvioiisly showrcl t l i n t  tlir c-liniigr i n  
anglr of nttnck nt tlir nilrroii tlriring thr roll wis nlmiit 1/5 tlir 
clinngr in nilrron tlrflrctioii. A givrii chnngr iii tlic vnlnr 
of ('ha will tlIirrrforc linvr oiily 1/5 n s  I n r i t . l i  t4fr t . t  on nilrroii 
forws ns tlir snmr eliiiiigc~ in t l i c  vnliici of Oh#. Thtl n i l r i m  
(.orit r o l - f t d  t4inrnctwist ics nrtl 1101 iiitiikotlly n f T t b t - t r c l  by tlir 

I I I 
IO0 200 300 

Indicated airspeed, I@ 
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31 APPIWCIATION AND PREDICTION OF FLYING QUALlTlES 

iutio of tlir vuliics of Cha untl C,,* ultliougli wlien Cha is 
positive, t l ic  rolitrol forct. rcquirctl to clcflrct sucltlenly 1 1 1 t h  

uilrroiis will 1 ) ~ -  1iglitc.r t1iuii 1 1 1 t h  finul force rcucliccl i n  a 
stoutly roll; \vlitwus wlwn tlic vuluc of f h a  is ntgativc!, the 
opposilt~ will 1~ t r  u t ' .  All t l i t b  typt's of c .o i i troI-s i i i~I i t (~t~  t i t q o -  

tlynuiiiita I ) r t l u i i c * c *  tliwtrsstd previously Iiuvo b w r i  siiewsfiilly 
U p p l l l ~ t l  lo clllt~rons. 

Cthi.ttii1i u t l c l i t i o i i u l  i i icuiis of provitling uc~roclynainic 1)uL 
ancc for t d t w i i s  liuvc I ) c ~ c w  frrqwntly used. Tlitlse nicatliotls 
cltytwtl i ipoi i  I)uluiic*iiig t l i c  system consisting of tlic two 
uilcroiis uiitl tlitbir coiiiircting linkage rutlirr tliun bulunciiig 
cuch uilcron iiiclivitliiully. In tlic case of one frequently 
uscd tylw of u i l t w i i  l~ultti~ce, riillctl the Frise ailercm, tlic 
upgoiiig uiltbroii is ovc~rlduiic-cd aiid tlicwforc liclps to clcflcct 
t l i o  clowiigoiirg uilcwm. 111 using this urruirgcmrnt the con- 
trol systcm iiiiist be v c ~ y  rigitl so tliab tlic upgoing aileron will 
i i o t  clt4t.c.t to c.xccssivc4y lurge uiiglcbs untl cause the system 
to ovt~r~1)tiluiicc~ ut liigli sptwls. A cliffcrentiul liiikuge is frc- 
qutwt ly cwiploytd in conjuwtioii with Frise type ailerons 
u s  wc4 us wi th  ot11t.r types of uilrrons. With this ariuiigc- 
nicm t the upgoiiig uilcron tlefieets tlirougli a larger range 
tliuii tlic tlowngoiiig aileron. If both tho ailerons have an 
upfloutiiig tcmtltwc-y (trailing cdgc tcwling to go up), the 
clifftwiitiul linkugr will result in rcduc~d stick forces. 

Tlic use of spoiler-type ailerons lius been proposed to per- 
init ilicwusiiig tlic spun of the laiitling fiaps, tlicreby decreus- 
iiig tultc-off uiitl lundiiig spccd without sacrificing ailcron 
pt*rforniuncc.. Tlir lunge mornents of spoiler-type uileronsinuy 
1)c erratic unlrss cure is taken to usc a design that develops 
vcry sniull liiiigc nionicwts. One successful spoiler arrange- 
ment  iiicori)orutcd u thin circular-arc spoiler which develops 
siiiull Iiingtb inomtvits in coiijunction with a small convc~ntional 
uilrr o i i  to pro>-itlr tlic! ntwssury control forces. Tl i cb  spoilcr 
slioultl IJC. l o t * t r t t d  far I)uck on the chord iii  orclrr to avoid 
uiitlt~sirtil)lt1 lug  iii its action. 

ADVERSE AILERON YAW 

IJsc of tlic ailcrolis to produce u rolling momcwt also intro- 
cluc~cs u yuwing moment for two rtwons. When the ailerons 
arc first clcflcctecl tlic induced drug on tlie siclc of the down- 
going riilc.ron is incrc.ciscc1 untl tliut on the sick of the upgoing 
ailcwii is tlc~crousccl. Tlic tliffcwwcr in iuclucctl drug tviiisc~s 

t i  YUH ing iiionic~nt. Wlirn the uirplane starts to roll the lift 
vectors on tlic tlowiigoiiig \\ ing ure incliiit.tl forwurcl ant1 
tliosc on tlie upgoing wing ure iiicliiiecl buckwurcl. A 
yuwing moment is tlitwfore introduced called the yawing 
nionitut cluc to rolling wliicli is in the sume direction as the 
yowing nio i i i twt  t l w  to tlic uileroiis. T l i t w  two ytiwiiig 
i i i o i i w i i t s  t t w t l  to swing t i t ( .  iiost' of tlic tiirpluric to tlic! light. 
i n  i t  Irft roll, t i i i t l  vict. vcwri. 'l'lic t~liungo in Iic*uclirig is in  
t l i t .  oppositr tlirt*c.tion froiii tliut clesirtd wid this effect lius 
t Iicrtbforc been culled utlvcise uileron yaw. An aclclitionul 
yuwiiig moment due to the profile-drag differences on tlie 
left t i i i t l  riglit wings wlicw the uilcroiis urc tlcflcctccl must also 
1:c t i t l t l c c l  to t i i t .  intluccd yuwing n i o n i c b n t  uiit l  t l w  yuwllig 
iiio1iicwt c l w  t o  I olliiig i i i t ~ n t i o i i t d  previously, but this profile- 
c h g  tIiffrrtw+c. is rihtivcIy sirlull for coiivrnt ioiiul uilcrons. 

\Villi spoiler-type ailerons the profile-drag difftwiicw may 
introduce un appreciuble favorable yawing moment. EVCII 
wlieii spoiler ailerons arc usetl, however, u t  liigli lift cochffi- 
cicnts tliis fuvorublc momriit is gcwrully sniullw tlrun t1ie 
stiiii of the u t lv tme vawiiig mointmts due to iiiclut.c.tl-tlrug 
clift'cwncce uncl due to rolliiig. 

'l'lic utlvcrsc uilcron yuwing moment in a roll rriuy IJO 
culculutecl by adding to the yawing niomrnts iiicwurtvl in u 
wind tunnel tlic yuwing monient cluc to rolling. Tlie yuwiiig 
niomcmt due to rolling muy be determined as a fuiwtioii of 
wing plan form by nicthocls from reference 27 a i d  otlicr 
p u p c ~ s .  If wind-tunnc4 datu urc not available, tlic intluccd 
uilcron yuwing monicnt inuy be found from tlirorcticul cul- 
culiitions in reference 30. An approximate forniula for the 
utlvcrse yawing-moment coc4ficicnt ucting in a steucly roll is 
11s fOllO\$ s: 

Tliis formulu, wliiclr is accurate within f5 pcrrent for or- 
dinary wing plan forms, gives approximately tlie s u m  of the 
yuwing nionients tluc to induced drag and due to rolling. 
'l'lic uclverse aileron yawing niomont is directly proport ional 
to lift coefficient. 

REQUIREMENT FOR LIMITS OF YAW DUE TO AILERONS 

Since undesirable lieatling cliangcs occur i n  muiicuvers 
bccause of the effects of aileron yuw if the tlirectiouul stability 
of un uirplane is too small, a requirement in the ltuiiclling- 
qualities specifications lius been provided to set an upper 
liniit on the sideslip reached in rolls. This rcquirmnient 
stntcls t h t  the change in sitlcslip occurring in u rritltlcr-fixed 
roll iiiucle with full uilcron tleflcwtion u t  1.2 times the stulling 
spccd slioulcl not exccctl 20". It is importuiit tliut this 
clcgrce of stubility sliould bc obhincd u t  sinull siclcslip uiiglcs 
i n  ortler to liniit inadvertent sitlrslipping wliicli cuusc!s lieud- 
ing cliungcs in maneuvers involving sniull aileron clefiections 
sucli us those used in flying tlirougli rough air. Also, i t  is 
important to avoid large amounts of sideslip in liigli-speed 
flight, as cliscussetl in the following section. Tlius, iri  a roll 
with 5 pcrccnt of full uileron clrfiection, tlie siclcslip slioulcl 
iiot c~xccccl 1 O .  With conventional types of ailcrons the clc!- 
signer cun (lo libtlo to reduce the utlverse u i l t w i i  yuwiiig 
nioinent. The rudder-fixed directional stability of tlie air- 
plune must tlierefore be made siifficiently grcbnt to mtwt the 
utjove requirement. I n  flight tests, tliis rcquircrncnb cun bc 
c.liecl;ecl niorc coiivcnicntly by rolling O I J ~  of u 4.5" 1~unl;ccl 
turn, so tl iut  excessive ungles of I)u~ik are not r c ~ t r t 4 i c d  lwforc 
the niaxiiiiiiin sideslip is ut tuinccl. 

ROLLING MANEUVERS I N  ACCELERATED BLIGHT 

\$%en an airplane is rolled out of a pull-out or out of an 
ucct~lcwited turn, the vulirrs of pb/BV, lift cot~flic*ic~rit, rintl 
tiirsptd iiiuy ull be rclutivcly lurge. Tlic uiloroii yuwiiig- 
nionitvit coefficient will tliercfore bo lurge, us sliown by 
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formula (46). The nmorint of sideslip dcvrlopetl in a rriclder- 
fixed roll at  high spcrd in this type of mnnruver may tlirrr- 
forr q u a l  the nmount of sideslip dcveloped in a roll from 
straight flight nenr tlir stalling sprrd. Rrfrrrnrc 31 intli- 
cntrs that brcanse of tlir high spcril, tlic loads imposrtl on tlir 
verticnl tni l  rnny be exceptionnlly Inrge. The provision of 
ntlrqiintr clirrctional stability, cspccinlly at sninll anglrs of 
sideslip, in order to prevent exccssivr siclcslipping in rolls at  
high sprrtl ig tlierrforr importnnt from strrictiiral consitlrra- 
tions as wrII 8s from thr standpoint of providing clrsirnldr 
flying qrinlities. 

STALLING CHARACTERISTICS 
REQUIREMENTS FOR SATISFACTORY STALLING CHARACTERISTICS 

C’onvcntionnl airplnnrs nrr rinnblr to fly i f  tlir flow on tlic 
wing l ins  cwmplctrly stnllrcl. In setting tip tlir rrqriircmriits 
for snt isfnrtory stnlling chnrnctrristics the f n v t  t l i n t  normnl 
cont rid c-hiirncteristics cannot be maintainecl bryoncl tlir 
stnll  hns 1)ecn considcrcd. The purpose of thr rrqiiirrincnts 
is, tlirrrforr, to prevent innclvcrtcnt rntry into a stnllctl 
condition of flight and to assure recovrry from a stalled 
contlition i f  the pilot stnlls the airplanr intrntionnlly. 

‘I’lw rrqriircd chnrnctrristics arc n s  follows: First, tlir 
nppronc-li to n cornplrtr stnll  slioriltl I)r iinmistnknldr to tlic 
pilot. A1i.y of tlir following rhnrnc*trristirs nrr ronsitlrrrcl to 
const itritr satisfnrtory stall wnrning: 

( 1 )  hlarlrcd buffeting or slinking of the nirplnnr or control 
systrm 

(2) hlnrlted rrnrwnrd motion of tlir rontrol stivk or inrrmsr 
i n  pr i l l  forcr rcqriirrcl to stnll tlir nirplnnr 

(:j) Sriflic*irntly slow tlrvrlopmcnt of instnldity 
(4) A nicchmicnl warning clrvicr mny Iw usecl, in the 

cvcnt tlint inherent stall warning is not prrscnt. 
Srcontl, it should be possiblr to rffect a prompt rrcovrry 
from n romplcte stnll by normnl nsr of tlir controls. Finally, 
a tlrsirn1)lr ciinrnctrristic, nltlioiigh not rrqnirrcl, is thnt 
~ h r  rntr of roll of thc nirplnnc nftrr the stall shorrltl l w  low. 

I)IRCURRION OF TYPICAL STAIISNO CH ARACTCRISTICS 

Flight tests hnvc Iwrn mnclr by tlir NACA to clrtcrminc 
tlir stnllirig chnrnctrristics of many clilfrrrnt nirplnnm. 
111 t l i rsr  tests nicasurrmrnts werr matlr of the coiitrol 
motions, nccrlrrations along rncli of thr thrrr axrs, angrilar 
vrloi*itios nlmit rach of thr t h r w  nxrs, nnglc of sitlcslip, n n t l  
airsptwl. In some rnsrs the progrrssion of the stall on ( l i t*  

wing hns  brrn visualixcd by mcnns of tufts. Mnny different 
types of stnll behavior have been observed. I n  somr cnsrs 
a violrnt roll without any form of warning occurs a t  the stnll. 
In n fighter-type airplane the rate of roll has in some cases 
cxcrrtletl noo per srcond. In  other cases violent oscillatory 
motion orrrirs in which the airplane rolls, pitches, arid yaws 
tliroiigli n fairly large amplitride in an erratic fnshion. 
This tgpr of stnll  is not so clnngrroiis as the first mrntionrcl 
typr but is, ncvrrthrlrs.., considered unsatisfactory if tlw 
violrrit motion occurs without warning. I n  some othrr 
cnses, violent buffeting of the airplane occurs severnl miles 

an hour ahovr the minimum sprrtl nntl fri l l  up rlrvntor may 
Iw applirtl without causing tlir nirplnnr to roll. This type of 
stall behavior is considcrcd s n  tisfnctory. Anotlirr type of 
motion at  the stall consists of n grn4nniiy incrrnsing os(-illn- 
tion in roll and pitch that, if  nllowrcl to rontinrir, may 
rvrntually cause the airplnnc to roll on its h c k .  This 
type of stall is consitlcrctl sntisfncbtory if tlir pilot Iins time to 
apply corrective action before the nmplitndc of tlic motion 
becomes rxcessive. 

The stnlling chnrnetrristics Inny Iw ninrlrrclly tlilfrrrnt in 
tliffrrrnt conditions of powrr nncl flnp scttiiig. Tllry niny 
be nlso affrctcd to a Inrgr cstrnt I)y minor chniigrs in (*on- 
figiiration. such ns elinngo in cowl-flnp position. A stall 
macle from n high-spcrtl turn is frrqwntlg morc violrnt thnn 
a st all mntle from st rnight flight Iwrniisr o f  t l i r  iiic*rrnsrtl 
ncrotl y ni l  ni i c morncnt s n c t i ng on t1 ii. st nl I id n i i p l  n nc . 

INFLUENCE OF VARIOUS I>ESIGN FACTORS ON STALLING 
CHARACTERISTICS 

Tlic stnlling clinrnetcristics of n n  nirplnnr rannot l w  n w u -  
rntrly prrtlictcd by niij’ nvnilnl)Ic mrtliods. ‘l’lir iinwrtninty 
in the prrtliction of stnlling chnrnrtcristics is clnr pnrtly to 
tlir Inrgr iirim1)c.r o f  vnrinldrs i d i i r l i  n i n y  iriflrirnc*r tlirsr 
c*Iinrnvtrristirs nntI pnrtIy to thr Inck o f  n i l  nclrqiintc tliro- 
rctirnl trrntrnrnt of plicnomrnn involvirig flow stymrntioli.  
A frw grnrrnl stntemrnts with rrgnrcl to prrsrnt kriowlrtlgc- 
of stnlling rlinrnc-tcvistivs will br pivrri in t l i r  foilowiitg pnrn- 
grnplis. I n  any iiitlivicliinl clrsigri, Iiowcvrr, otlirr favtors 
tlinii tliosr consitlrrctl mny Iinvr n Inrgr rITc*c.t on t Iir slnlling 
clinrtrc.ti~i~istit~s. A srirnmnry of frill-st-nlr wind-triniirl st iitlics 
of stnlling c-linrnvtctrist ic-s is givrii i n  rc~fi*i~rnw 3‘2 

1 Iir progrrmioii of tlir s t n l l  on 111r N ing is i i s r i r i l l . ~  twisiil- 
rrccl to bc of prininry iniportnricr in tlctcrmining tlir stnlling 
rlinrnvtrristic-s. If tlic s tn l l  stnrts f i r s t  nt tlic tip nntl pro- 
grcssrs inbonrd, tlir type of stall c*linrnc*tcrizcd by n violriit. 
roll without wnrning is likely to rrsrilt. A violrnt roll is 
cnusrcl brrnrisr tlir region of stnllrd flow is n t  n lnrgc tlistnncc 
from t l i r  nirplnnr c-rntrr linr n n t l ,  tlirrrforr, currts a Inrgr 
rolling niornrnt. As m)n ns tlw nirplnnr stnrts to roll, 11ir 
nnglr of nt  lni*k o i i  t l i r  clowngoing wing is int*r(*nstd fnrtlirr 
I)ryoiitl t lw stnlliiig riiiglc- w l i i l r  tlint o i i  t lw upgoing wing is 
clrcwnsrtl .  As a r ~ s t i l t  tlic clowrigoing wing is c.oniplrldg 
stallid wliilv tlir ripgoiiig wing  rrninins i i i istii l l id. T l i r  lnigc 
rolling momrnt proclurrcl by this nsp imr t  rk-flow conclit ion 
r n n y  lw nc*t~ornpnnirtl by n Inrgr ynwiiig nioiniwt wliicli w i l l  
triicl to cnrisc thr nirplniw to rirtrr n spin. N n I I  wnrning is 
likrly to be nllsrnt. I)rrausr tlir stnllrcl flow tlors not, strike 
tlic tn i l  of the nirplanr. Ailrron roritrol niny nlso Iw lost 
brcniise of the stnlling of tlir flow over the nilernns. Initial 
stalling of the wing tips is likrly to be causrcl by a Iiigli tlcgrro 
of tnprr or by tlic usr of swrrpbnck. In tlir cnsr of n t n p r c d  
wing, tlic intlrirrtl vrlocity n t  tIic wing cmris r t l  by tlir trniliiig 
vorticrs inerrasrs the rffrctivr nnglr of nttnrk of srcliorls n t  
tlir tip nntl clcrrrnscs tlir rfrretivr nnglc o f  n t t n d c  of srctions 
i t  Llir root. Thr tips thrrrforr stnll fiiat ~ i n l v s s  1111. t i p  nir- 
foil sections nre tlrsigncd to have a Iiiglirr stnlling nnglr tlinn 
those at the root. 
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Swci:pl~ac4i I ~ U S  11 siinilur cffcbct in promoting tip stalling. 
Tlic flow ficlcl  d m r t  the wing creutes un iiitlucctl velocity 
untl also an inclucccl cumber a t  the tip wliicli tencls 1.0 promote 
tip stulliiig. I n  uclditioii, tlie boundary layer tends to fiow 
towird t11c tip, wliicli liclps to prevclit scpurutioii, ut tlic 
iiil)ourtl sections. 

A st,irll wliicli sturts at the wing root and progresses sym- 
motricully toward the tips is usually considered beneficial. 
‘phis type of stall niuy provide wariiing in tlic form of buffet- 
ing I)c~c*ausc! fli~ct~utitio~is in the flow occur u t  t,lie tail over a 
region appiaxiniatctly twice as wide as t’lie region of recluced 
clynuniic pressure in the wake. Furllierniorc, tlic large loss of 
lifl u l  the ceiitcr portion of tlie wing may result in a clccreuse 
in clow~iwusl~ tit t.lic tuil. A large iiosing-down iiionieiit will 
rcsd t and a niurltccl increase in up-elevator tlctlection or a 
pull force on tlic stick will Le rc!quirccl t,o muiutuin trim. Tlio 
sniull nioni(mt urn1 of the stullccl urea contributes to a low 
init.iuI r’utc of roll i d  t,lic uiloron cont,rol may be niuintuincd. 

Iiiit.iii1 stulliiig of the wily. root is pro(not,otl by use of 8 ,  
wing of roc*tuiigulur plun form or by sweepforword. ‘ l ’ l i~ .  
i i i t l i i cc t l  velocities and bouiidury-luyer effects ure tliun oppo- 
site froin tliose of tlie tapered uncl swcptbnck wings. 

Sonic factors wliicli may 110 overlookcd in connection with 
stalliig cliuructcrislics are as follows: 

(1) On u Itirge airplane a stall a t  tlie wing root may l e  
iinstitisfuctory bcrcause of excessively violent buffeting of 
tlic t d  

(2) The wulte from a wing stallctl a t  tlic root may blunket 
tlic vcrticul tuil.  As a result rucltler control may be lost and 
tlic airplune iiiay become directionally unstable. This 
instuldily iii combinalion with the high cffcctivu tlilicdral of 
a i  st t i l l rc l  wing iiiriy ri!sirlt in ii violunt tlircctioiiul clivergoiice 
UllCl roll. 

(:I) “Stal)ility” o f  tlw stull p i i t ~ c r i i  is iinpnrtulil. Ia ollicr 
worcls, scword tlcgixxs cliungc in unglo of attuck slioultl I)e 
reqiiircd for the stdl t.0 progress from the 1.001 LO  lie tip. If 
only ii sniull diunge in uigle of uttuck is required to causo the 
wliole wi.ng to stall, tlien as soon as tlie uirplane sttrrts to roll 
tlio iiicrcascxl uiigle of attack of tlio downgoing w i i g  will 
cuuse this wing t,o stdl und a violont roll will rtsult.  If 
sttildity of the stull  puttern is attuinecl by nicuiis of “wusli- 
out” of (.lie wing tips, u loss in  niusiniiim lift cocfficieiit will 
Iil!(:(!ssuriIy rc!siilt I)C~UUS~ not ull port’ions of llie wing will 
louc:li t.lioir iiiuxiniiini lifL at the sume Limo. Sta1)ility of the 
stall puttern niuy, Iiowever, be provided by use of slots on 
llm outer porlions of the wing. ‘L’liesc slots iiicreusc tlie 
niuxiniuni lift coi:flic.iciit ut tlicse stations. This procotlure 
\vi11 riot rcwill in uiiy loss of musiniiini lift c:ocllicicnt. 

(4) 1 f ~.Iio wing st.ciIIs first t r t  t,Iic t,riIing c!iIgo of tho wiug 
root, the s l ) r ~ w I  of L ~ I C  stull LO tlio Icucliig oclgc rutlicr h n  
ou tboard on tlie wing is beneficial. This cliaractelistic 
(:HUS~S a large loss in lift as the angle of attnck is increased 
wliicli will cuuse the uirplaiie to pitch down rather than to roll. 

I t  is possible for sonie airplaiies to have good stalling 
cliaracteristics even tliougli the tip sections slall first. These 
,tIesirubIe chracterislics are usually obtained by t,lic use of 11.11 
tiir.foiI section u t  llit! t i p  which liss a so-calloil flirt-top lifL 
curve. Wit.11 this type of lift curve ~ l i c  uiifoil niuiiitiiins ils 

’ 

lift Imyond the st 111 ant1 as a result large rolling nioniciits are 
not applied to the airplane. Tliin highly c*uml)crcd sections 
witli small leading-edge ruclii generally have lift ciirvcs of 
this type. 

FLIGHT CONDITIONS LEADING TO INADVERTENT YTAl.I.ING 

The handling cliaracteristics of an airplane ut spcc4s abovc 
the stall may have a decided effect on the danger of inutlvcrt- 
ent stalling. A large pitching moment due to sideslip is 
undesirable because the pilot has very little ubility to judge 
tlie uniount of sideslip existing in flight at low speed, and 
because cliunges in sideslip such as those occurring in a roll 
out of a turn in the landing approach may result in pitcliiiig 
moments sufficient to stull the airplane. Longitucliiial in- 
stubility in the landing-approach condition also incrcnses the 
danger of inadvertent stalling because tlie airplane will tend 
to stull by itself unless tlic pilot applies increasing puuli forcrs 
to tlic stick. Directionul instability may result in inadvrrt- 
eiit large sideslip angles wliile rolling into or out of turns. 
TIio maximum lift coefiic*icnt muy bc consiclcral>ly rcduccd 
ut tlicse large sideslip angles, and tlie airspeed nicter may 
give false indications, so that the airplane muy stall at 
inclic*ated speeds a t  which it would norinally remain iriwtullctl. 

1 Ire formation of ice on the leucling edge of the wing or on 
tlie rctnining strips of tlc-ircr boots muy liuve a serious 
atlvc.rsc effect on the stalling c*liaructeristic.s of un uirplnne 
uiicl may ulso greatly reduce tlie niuxinium lift coc.fficicnt. 

I ,  

GROUND LOOPING 

Ground looping and stalling cliaracteristics are closcly 
related. Ground looping c1iffic:ultics have gencdly  been 
c*uiisud by large yawing rind rolliiig tc.ndclic*icbs eaiisccl by an 
unsymmetrical stull  on the wing of an airplune wliilc it is i n  
the tluce-point attitude. Tlie ground angle of an uirplune 
with u ronvcntional luntling gear slioultl be upproxiniutcly 2 O  
less than the stulling angle in  order to avoid tliis difficulty. 
The use of a tricycle landing gcur usually eliniinutes this 
trouble. 

CONTROL-FREE STABILITY OR SHORT-PERIOD 
OSCILLATIONS 

REQUIREMENTS FOR LONGITUDINAL MOTION 

If an airplane which lias static longitudinul stability is 
disturbed from u trimmed coiiditiori and tlien ullowcd to fly 
for u long period with the controls either fixed in the trim 
position or free, it  will norrnally perform a niotion consisting 
of  two t,yp(:s of owillutions. A short asc.illution, wliic.li 
g w c d l y  (Iunips out witliin 1 or 2 secoiicls, owi i r s  iinnic- 
cliately after the disturbaiicc. A loiig-period oscillutioii then 
occu~s wliicli consists of u graduul increase and clccreuse of 
speed about the trim speed with a correspontliilg variution 
in the altitude of the airplane. Tliis long-period oscillatioii, 
culled tlie pliugoid oscillation, has a period given approxi- 
mutely by the formula: period in seconds equ~l s  one-quarter 
timw tIic velocity in miles per hour. Tlic pcriotl is, there- 
fore, of the order of a minute for liigli-sped uirpluni~s in 
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cruising flight. Bcrnrtsr tlic pcriotl is so long, tlir pilot lins 
no difficulty in controlling the oscillation and causing it to 
clnmp out. Trsts have shown thnt thr clampirig of tlir 
pliugoicl oscillation Itns no corrrlation with tlic pilot’s opiiiioii 
of thr linntlling qunlitirs and, thcrcforr, no rrquirrmrnts nrr 
sprcifircl for its damping. I n  many actual airplnnrs this 
oscillnt ion is rinstablc. 

If tlir controls RI‘C Iicld fixed following a distarbnncr, tlir 
short-prriotl os(-illation always damps out so rapidly tltnt it  
is tlificwlt to tletrct. With tlic controls frrr the short-prriocl 
oscillntion grnrrnlly dnmps out very rapidly, but, in sninr 
cnscs tlic pitcliing motion of tltc nirplnric mny Iw cortplccl 
witti tlir os(-illations of the elcvntor to cause R violrnt rtnstnblc 
oscillntion. Tlic period of this oscillation varies invrrsrly 
ns tlir sprrcl and is genernlly nboiit 1 second in Itigli-sped 
flight. I f  tlic oseillntion does not damp out, it  mny cnnsc 
Inrgc ncrelcrntions npproncliing the structural strength of 
tlir nirplniic nftrr 1 or 2 cyclrs. Sitclt nn oscillntion cnnnot 
Iw tolimtrtl and the rcquiremrnt is tlirrrforr mntlr t l i n t  this 
os(-illntion slioulcl dnmp out so tlint thr motion of tltc rlrvntor 
nnt l  tltc nirplanc has completrly tlisnppcarrd in lrss tlinn 
1 cyclr. 

INFLUENCE OF DESIGN FACTORS ON SHORT-PERIOD LONC.ITUDINA1, 
OSCILLATIONS 

Rrfrrrnc-r RB sliou~s t l i n t  tlirorrticnlly nn nirplnnc with 
n positivr vnlrtr of f?ha of tlir clcvntor is lilrrly to rxprririirc 
itristnldc, short-prriod longitriclinnl osrillrttions. An nir- 
plnnc linving n positivc valrte of !?ha will be staticnlly nn- 
stnblc with stick frrr unless tlic vnluc of Chm is suffiriently 
positivc. I f  n positive vnluc of CAm. is itsrcl in comhinntion 
with n positive value of Chc to provide stick-frrr stntic 
stnhility, unstnblc short-period oscillntions nrr likely to 
rrsult. For this reason R fnirly nccuratc rule to follow in 
conncetion with tlic drsign of arrodynnmir hnlnncr for tltc 
r~rvalor is l h t  Chs shouhl nlways hr nrgntivr. Thr trntlciicby 
for slinrt-print1 longitrttlinnl oscillntions to hrromr rinstnt)lr 
is grrntrr n t  high n l t i t u t l r  nnd with R botnwiglit in tlir control 
systrni. ‘I’licorrticd annlysis nritl lliglit trsts Iinvr shown t l i n t ,  
n rotit i n i i o i t s  short-prriod os(-illntioti niny rxist itntlrr tlirsr 
c w t i c l i t  ioris iinlrss tlir vnlrir of  C h a  is sitfkirntly nrgntivr. 

Wlwn n i i  nirplnnr is clisturbrd latrrnlly from a t rimnirtl 
c - o n t l i t  ion n n t l  tlic controls nrr Irft. frrr for n long prriotl or 
lirltl fixrtl i n  tlicir trirnrnrtl positions, tltc nirplnnr will grn- 
rrnIIy prrfortn a short-pcriocl os(-illation ant1 will cvrntunlly 

REQUIREMENTS FOR LATERAL MOTION 

go into R spiral clivr. Tlir tlirrrgrricr into tlir spiinl tlivr, 
knnwn n s  spirnl instnbility, is vrry slow ntid, liltr tlir plingoitl 
os(-illntion, lins no corrrlntion with tlir pilot’s opinion of tlic 
Iiniitlliiig c*linrn(-tcristi(-s. For this r rnso i i  tli(*rr nrr  no 
rcqitirr,nirnts for spirnl stnlditg. Alniost n l l  nc-tirnl nir- 
plnnrs nrr spirally unstnhlr. Two typrs o f  lntrrnl oscillntion 
wliicli nrr tlifiicult to tlistinguisli from rndi otlirr inny occiir. 
Tlirsr nrr Ittion-ti n s  DiitrIi roll niid stinking. Tlic rrquirc- 
mrnt is rnnclr tlint tlirsr oscillntions slioulcl clninp to onr-linlf 
ninplitiitlc in less t l inn 2 cy(-lrs. 

INPI.IJCNCE OF IPESIGN FACTORS ON LATRRAI. ORCILLATIONS 

Dutcli roll oscillntions mny occur with t l i r  rontrols ritlicr 
fixrtl or frrr. ‘l’lir prriotl of this typr of os(-illntion on con- 
vrntionnl nirplnncs vnrirs invriscly ns the sprrtl n n t l  grnrrnlly 
vnrirs from npproxirnntrly 6 swontls iirnr tlir stnlling sprrcl 
to nhortt 2 sccontls near tlir mnximritn sprrd. ‘l’liis oscilln- 
tion is n cwrnbinrtl ynwing aiitl rolling os(-illnt inn t l i n t  i s  
gvnrrnlly well clnniprtl for noimiril vnlrtrs of cliiw-tionnl 
stability n n t l  dilirclrnl. With notmnl rn lu r s  of tlirrc*tiotinl 
stnldity nn rffrctivr clilictlrnl of npproxirnntrly Iso \voultl be 
rrqitirrcl to rnusr iiistnldity of t l i r  Drttc4t roll oscdlntions. 
On nirplnnrs with n Inrgc ninoutit of wriglit in  t1w fusclngr, 
tlir inelinntion of tlir frisrlngr to tlir flight pntli I ins  nri 
iniportnnt c4’rc.t on tlir stnldity of tlir osrillntions. A 
positivr nnglr of n t t n c 4 r  of tlir fiisdngr lins n stnldizing 
c1f lTcc . t .  (Sw rrfvrriiw 34.) ‘ 1 ’ 1 1 ~  tcwlrnc*y for this os(-illn- 
tioii is in(-i~rnsrtl on niriilniirs with liigli wiiig lording flgitg 
at high nltitrtclr nntl tlir rrqrtirrtnrnt for ilntiiping of tlir 
osc-illntion niny srt nii itpprr limit on t l i r  nllownl)lr clilirtlrnl 
nnglr for lirnvily lonclrtl nirplnnrs iritrntlctl to Ily nt w r y  
liigli nltitrtclr. 

Tltr typr of oscillntion cnllrtl stinking is n constntit- 
miplitiitlr motion t l in t  enti owur only w i t l i  t l i r  rrttlclrr frrr. 
It is cniisrtl by t l i r  iisr of n ri~ddcr tlint trnils to flont ngninst 
tlir rrlntivc wirii l  i n  coiijrinc-tion $1 it11 friction in tlir riitltlrr 
control systrm. I f  tlir nirphiir is ( l i s t r t i h l  from n trinimrtl 
c-oiitlition, tlir rtitltlrr will trntl to flont in  R tlirec-tion to 
opposr nny sitlrslip tlint is introtlrtcrcl. ‘l’lir fricstioti in  t l ic  
riicltlrr (wiit rol syst (*in will tlicii I i o l t l  t Ii(* riiildrr 11s 11iv nir- 
plnnc switigs I m d r  tlimrigli tlir t riinnircl posit ioii. ‘l’lir 
riiddrr, t l i rrdorr ,  tcwcls to f w t l  i-iiivyy i i i t o  tlw oscdlril ion 
nncl n c ~ o i i s t n i i t - n r i i i ~ l i ~ r i t l ~ ~  oscdlnlion is h i l t  1111. ‘l’lti~ 
srqrtrric~c o f  rvrnts is illiistrnt(*tl i n  ligiirr 4:i. ‘ l ’ l ir  pc.riotl of 
tlir osc*illntioii vnrivs invwsrly ns t I i v  spwil, n t i d  tlw ninpli- 
tritlc is proportionnl to t l i r  Irktion in t l i r  rritltlrr Fystrni A 
tlirorrtic-nl nnnlysis of this typc of osc*illtitio!i is girrn i n  

FIGURE 4~.-lll11strnlion o1 rudder nnd nirplanc mnliori cliiriiig B snnklnp nscillntion. 
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rpft:rencac 35. Iic.cuiist! tlic iiiotion of the uiiplane in this 
type of osc*illution is v c ~ y  similar 1.0 tliat in a Dutc*li roll, it 
is difficult to clistiuigiiisli tl ic two t.ypes of motion. In soine 
cuscs t1ii: pilot niriy I i o l t l  tlrc riidder pctluls fixed Init the 
fIcxil)ility in 11io rutltlvr wiitrol system will ul low tlic rircltler 
LO move slightly u i i c l  iriuiiituin an oscillat.ioii of colist,ant 
miplit,iide. Noiii4y all i-uscs of s~i~aIl-ui i i~~l i tu~lc  yuwiiig 
osc*illutioiis wliicli Iirivc: 1)c.c.n rc1portecl on niimcrous uirplaiics 
h v e  I ) I V W  I ~ I I S I ~ S  of snultiiig rut,liw tliuii Dutcli roll. A good 
r r h  to iiso iii  coiincv*t.ioii w i t h  tlic clcsign or rutltlor I)thrlcc 

is tliut, tlie valuc! o f  (',,, slroultl ulwuys I)c Iic.giit.ive so its LO 

svoicl I Iic possiildity o f  s~irclii~ig osc:illntions. 'l'licoretic:ully, 
ti snitill positive vulric o f  ( I h m  may be used wit.liout causing 
oscillut ioiis i)rovitlocl Phi has t i  suffic:icritly largc! negat,ivc value. 

RELATION uFrw YEN I I I I I ~ E H .  AILELLON. AND E L E v x r o H  YHOPT-PEHIOD 

' i ' l i c b  r i iclcli~r slritliilig osidliitioii tliscirssc~tl prwiotisly is tlro 
I i l lJSt ,  f ~ ~ i ~ q i ~ ~ w t  t y i ) ~ !  of slioI.t-lwriocl oscillut,ioii ciiiisctl by 
i r i o t  ion of  11 wiit i d  sirrfuc.c!. Sliort-i)i!riotl 10iigit~iidiiiiiI 
osc.iIlat ions with t I io  c~lovutor free are less likoly to occur, and 
111c rangi' of liiiig(~-iiii)iiic!iit parameters tliut can be used is 
lcss rcstrictril by tlw requirements for stability of the 
oscillut ioiis. Sliori-pi*riocl uilrroii oscillutioiis can also occi~r 
l i l t  t l i c w  oscilliitions ure more difficult to obtuin tliuri t'liosc 
of tlic elevator. It lius been shown tlworctically that un- 
stublc oscillutioiis of tlic uilcrons can occur only wlien C i a  
a d  e,,, hvc!  apprcciablo posit,ive values. Short-period 
osc:illutions of t l ic :  tlilrrons liave been obswvccl in cases for 
wliicll tlic rontrols were overbulanceil for small deflections 
t)ecaiisc of noiilincw hinge-moment cliuructeristics. Over- 
I,nluli~.c of cLit1ic.r tlie clevutor or rutltler controls u t  small 
clcflcc:tions woiilcl bo CVCII inore likely 1.0 ciiiise sliort-period 
oscillut ioiis of tlicsc controls in addition to probably causing 
stnt,ic iiistut)ility with controls free. The short-period oscil- 
lutions tliscusscil l i c w i n  arc quite clistinct from flultcr in that 
they do not iiivolvc niiicli cicforniation of tlic airplane struc- 
trirc. IJsuully 1110 oscdhtions caused by flittt.cr have ikiiich 
shorter pwiocls tliun the os~illl~t,ion tliscusscd in this sect.ion. 

OSCII.I.A'I'IONS 

WIND-TUNNEL TESTS AND CALCULATION 
PROCEDURES FOR DETERMINATION OF 

FLYING QUALITIES 

INTllODUCTION 

For Inkilly ycars \c iiitl-t iinncl tc~sts wcrc  ortlinurily niatlr of 
niotlds without pro~)~~llc~rs.  Sonictiinrs eiiipiricul Inctliods 
WIW uscd to ccllow for the 14ects of pow'r on stubility; for 
cxtmplr, u vritc*rioii tliut iquiretl  that tlic slope of the curve 
of pitdiing inoiwnt uguinst lift coefficient slioulcl lie within 
certuiri siwcificcl limits. Sucli a procedure wns s l i o ~ ~ i  to be 
unsntisfuctory 11 lien quuntitative flight-test datu bccalne 
avuilublia. Tcsts of po\vrrc~d niotlels i~re  now ordinarily 
iiitrtlc. lint1 i t  Iius l)c*c.n slio\zn that the stability of uii uirplune 
inuy t ) c >  corri~c~tly privlic*tccl from tllpse tcsts. The proc.cdures 
for iiiuking sii i*li  tcsts uri* tlisciissccl in rcfcrciicc 36. 

SIMULATION OF POWER CONDITIONS 

CHITERIONS OF SIMILITUDE 

Since the cffects of poww result from tlie action of tlic 
proprller forcrs nricl slipstrclmi cftects of tlic airplane., tIii.se 

factors musL be siniulatccl as closely as possible in the ~ i i o c l i ~ l  

~ibsts. If tlic slipstream vi.loc*itic*s arc correctly reprotluc~i~tl 
in relation to the frce-stream velocities, the forces of tlic 
propc4c~ will also be rc1protluced, siiice they are equal to tlie 
cliuiiges in moinentuin of the air in tlie slipstreuni. l'lie 
slipstream consists of u muss of air to wliicli is inipartecl iin 
incrcusc of axiul velocity, a rotutioiiul velocity, and a verticul 
or latrral velocity, Propeller theory indicates that the iixiul 
velocity is a function of the tliriist coefficient , the rotutioiiul 
velocity is a funrtion of tlic torque coefficient, and the vcrti- 
CUI vdocity is 81 function of tlic norrnal-force coeffieicnt. 
Brcairsc tlie rrlution betwren the tlirust coefficicnt ulitl tlio 
t o r q u i ~  c.oofIic*ient is a f i i i i c* t io i i  of the propcllcr cfiic.iciicoy, 11 
prop(4lc.r o i i  the iiiotlc~l woiiltl liuva to liave tlic same c4liciwc.y 
11s tlint oil t l r c b  uirpliiiiib i i i  orclcr to siniiilute corrcvAy 1111 tlrc 
prop4ler dfccts. (h~niwilly1 the efficicney of tlro ~ n o t l c * l  
propcllc~r is sorncwliut less t l i t in  tliut of tlie uirplane propdlcr 
becausc of its smaller scale. Tlierefore, exact siniulution 
of both tlie tlirust and torque coefficients may not be possible 
in longitucli~ial-stability tests. However, the tlirust c-ocffi- 
cient is the most important parnmel,cr and sliould be exactly 
reproduced. Tlie vertical-force coefficient may gencrully 
be reproduced with siifficient accuracy by using a propeller 
geornetricully similar to tlic full-scale propeller. 

VARIATION OF THRUST IN FLIGHT 

The definition of propeller efficiency is given by tlic follow- 
ing equation: 

TV 
tl= 550p 

Hence, the tlrriist is given as a fuiiction of speed hy tlie 
equation 

(47) 
T='--- 550Pq 

V 

Ordinarily with constant-speed propc41ersl the horsepower 
remains approximately constalit, ant1 the propeller efficiency 
does not vary greatly tlirougliout the speed range. Tlie 
tllrust, therefore, varies approximately inversely as tlie 
sp'.ccl. 

In orclrr to tchst a powered model, tlie variation of tlirust 
coefficirnt with lift coefficient must be known. The tlirust 
coc4icicIih l~nscd on wiiig area is usually employetl in order 
(hut it slioultl be clircc-tly cornparable with the drag eorffi- 
cient. l'rom the prrcetlirig formulu, tlic tlirust cocHiciciit 
bused on wing urea may be obtuinetl as follows: 
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Tllr sprctl mny he expressed in tcrms of thc lift coeficicnt 
by tlic forniuln 

V =  P P(JL 

Ilrnrr, thr cqnntion for tlic thrust coefficient bccorncs 

(49) 

(50) 

This foi niriln siioms that t l i c a  tlirrist rocdiiririit incwnsrs 
spproximntdy ns tlic thrcr-linlvrs powrr of tlic lift c-orfirirnt,. 
Tlir rlfrcts of powcr on stnldity nrc risrinlly grrntcst wliwr 
tlw tlirrtst corfirirnt nntl lirncc tlir nxial velocity of tlic 
slipstrcvini nrr grcntest. Forrnnln (50) inclicntrs thnt tlirsc 
rlfrcts will bc most mnrkcd a t  high lift corlficirnts or low 
spcrtls. Tlic effects will also be grrntcr nt sea lcvrl tiinn nt 
liigli nit itiitlrs. 

VALCUI.ATION OF THE VARIATION OF THRUST COEFFICIENT WIT11 LIFT 
COEFFICIENT FOR A SPECIFIC A I R P I A N C  

Icor i i ioqt invrstignt ions of sprc*ific motltds in n wir i t l  tuniirl, 
t Iir riir~nrtfnc*trircr will fnrnish a rhnrt sliowing tlic variation 
of thrrist c.oc.lfiricnt with lift cocfficirnt for sevcrnl constnrit- 
powrr c*onrlit ions. When such information is riot supplirtl, 
Iiowrvrr, this vnriation mny be rnlriilntrd by tlic following 
nirtliotl. T l i r  rise of R constnnt-spcctl propcllrr is nssrimrtl. 
Const n n  t cwginr powrr io aosrlmccl lwcvwsc, in rnlcnlnting 
tlir stnldity of nn nirplnnr, it is clrsirrcl to tlrtrrminr tlir 
forrrs nncl momcnts that rrsnlt wlicn the trim spcctl or niiglc 
of sttnck is rhnngrd and the throttle srtting is mnintninod 
constnrit. 

Tlir following factors nro known: cnginc brnkc liorscpowrr, 
proprllrr speed, propeller dinmeter, airplane wright, aiicl 
wing nrra. Tlic prorcdiirc may be outlinrd ns follows: 

( I )  For srvrrnl vnlries of lift coefficient cornpntc thc 
sprecl from the relation 

12 ,W cos e 

Jcor tlir first npproxirnntion, tlic nnglc of climb 0 inny 
he nssiimrtl to be zrro. 

(2) Computc the advance ratio for level flight a LF 
(3) Calculate the power coefficient, Cp=m6. 550P 

(4) From propcllrr clinrts applicable to the propdlrr 
under considcration, determine CT, 6, and 9 for each of 

tl1r vnluts of (&)L, anti c,. ~ i i e s c  riinrts arc frc- 
qrirntly prrsentcd in tho form shown in figure 44. 
Exnmplcs of thcse charts may he found in reference 37. 

(7 
for cnrh vnlue of lift coefficient. 
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(6) ?‘lie anglr of clinih may now br coinpntctl froin 
tlic cqirilihrinm rrlnt,ion wliirli npplics in n strncly climl) 
or divr. This formnln mny IN clrrivrcl I)g consiclrring 
t,lic forcsrs nc-ting on t,lie nirplnnr ns sliowi in figrirc 45. 
Eqrinting the forcrs in tlic dirrc:tion of flight givcs the 
forintila 

T--L)= 11’ sin e 

T-D=L tan e 
I’-n 

L 

hence 
tan e= - 

(53) 

,. I Iio tlrng roclfirirnt for iisc in cmltwlntion niny lw rsti- 
mntrcl or mensrrrccl on tlir inoclcl wi t l i  tlic proprllrr 
removed. 
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APPHECIATION AND PREDICTION OF FLYING QUALITIES 

1.2 

.8 

c, 

.4 

(7) T o  correct t.110 data for the angle of climb, 
rccoinpu t u  

- 

- 

- 

i i i i t l  oLtoiii i i ~ w  vriliics of C,, 8, iind r) for tlic corrected 
T I  

(8) Tlic t,lirust cocliicieiit may lo corrected more 
siniply by use of tlie cqiiatioii 

To - __ 
COS e 

I - T'&F 

(9) T l i c  torque cocfficiciit mny be obtained froin the 
forni IllU. 

SELECTION OF MODEL PROPELI.EU BLADE ANGLE 

Iir 11i(! fnll-scitlc airpluiie 1110 propeller blude angle cliangcs 
with flight vchcity for coilstunt-speed operation. I t  is 
clesiriiblc to sc:lcct a blade angle for tlie model propeller 
wliicli will siniulute as closely as possible tlie efficiency and 
normnl-force clinractcristics of tlie actual airplane propeller. 
The iiiodcl propeller niay be calibrated by making measure- 
ments a t  various propeller speeds with the model held a t  0' 
angle of attack. The drug of the model with propeller 
removed at tlic same angle of attack CDB is also obtained. 
Tlic tlwust coefficicnts niuy be computed from the formula 

and tlie torque cocfficicrit may be obtained from the measnre- 
ments of the power input to the iiiotlel niotor. Iprom plots 
of torque cocfficieiit ugainst tlirust coefficient for each of 
the blude angles tested, the blade angle wliich most closely 
siniulutc~s t lie full-scule propcllcr niuy be selected. 

PUEPAUATION OF OPERATING CHARTS 

Tlic proc~cclurc of tlic previous section lius resulted in two 
charts: tlic variirt ion of tlirust cocfficirnt with lift coefficient 
for tlie uirplunc ant1 tlic variation of thrust coefficient with 
rotnt ional speed for tlic ~no~ lc l  propeller a t  tlie selected blade 
unglc. T h e  cliurts may be combined to give the variation 
of propeller rotiitionul spcccl with lift coclliciont. I n  order 
to clctcriiiiiie tlie variution of propeller rotational speed with 
anglo of uttacli, tlie variation of lift coofficicnt with angle 
of ut tuck iiinst be tlctcrniinccl with tlie correct variation of 
tlirirst cocfficient uiicl also with the correct stabilizer setting 
variution to keep tlie motlcl in trim. A sufficiently accurnte 
curve muy be obtuined from the tests witli two stubilizcr 
settings. The results of tlicse tests muy be applied as slrown 
in figure 45. At given propeller rotational speeds the angle 
of uttuc.l< is sclrctctl to give tlic correct lift coefficient for a 
given l x ~ w i ~  cwiclition for the two stabilizer srttings used. 
A c*lrar~ showing t l i r  viiriution of prolwllcr rotatioiiul speed 
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FIGUUK 45.-Forocs actirrg uii an airplane in a skady c h i l i .  
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cundiliuiis wilh m a l e  of ullack fur weliurallon of propelkr owrating churls. 

with angle of attack must be prepared for each power condi- 
tion and flap condition to be tested. The curve of lift 
cocfficieiit ugainst angle of attack for trimmed conditions 
must be used in preparing this chart. 

SIMULATION OF PROPELLEU-IDLING CONDITION 

A windmilling propeller on a wind-tunnel model will usually 
give a fairly accurate representation of an idling propeller 
on the actual airplane provided h e r e  is no undue amount of 
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